Nitric oxide cytotoxicity and functions of iron-sulfur enzymes in Escherichia coli by Ren, Binbin
Louisiana State University
LSU Digital Commons
LSU Doctoral Dissertations Graduate School
2009
Nitric oxide cytotoxicity and functions of iron-
sulfur enzymes in Escherichia coli
Binbin Ren
Louisiana State University and Agricultural and Mechanical College
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_dissertations
This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in
LSU Doctoral Dissertations by an authorized graduate school editor of LSU Digital Commons. For more information, please contactgradetd@lsu.edu.
Recommended Citation
Ren, Binbin, "Nitric oxide cytotoxicity and functions of iron-sulfur enzymes in Escherichia coli" (2009). LSU Doctoral Dissertations.
3786.
https://digitalcommons.lsu.edu/gradschool_dissertations/3786
 NITRIC OXIDE CYTOTOXICITY AND FUNCTIONS OF  
IRON-SULFUR ENZYMES IN 
















A Dissertation  
 
Submitted to the Graduate Faculty of the 
Louisiana State University and  
Agricultural and Mechanical College  
in partial fulfillment of the  
requirements for the degree of 
























     I would like to express my sincere thanks to all the people who helped me unconditionally to 
complete this dissertation.  
     I deeply appreciate my major professor Dr. Huangen Ding, who supported and encouraged 
me in all the time of my Ph.D. research in five years. Without his help, I would not be able to 
finish this dissertation. I would like to furthermore thank my advisory committee members, Dr. 
John R. Battista, Dr. Yong-Hwan Lee, Dr. Tin-Wein Yu, Dr. James V. Moroney, and the dean’s 
representative Dr. Marlene E. Janes. Thanks for their time, patience, and valuable suggestions. 
     I would also like to thank all the members in Dr. Huangen Ding’s lab for their friendship and 
collaboration in the five years. Especially to Dr. Nianhui Zhang, he helped me to finish some of 
the enzyme activities in Chapter 2; to Dr. Xuewu Duan, he operated the EPR machine with me 
for some of the data in Chapter 3. At the same time, I appreciate the helps from the labmates, 
Jacob Bitoun, Guoqiang Tan, Juanjuan Yang and Hao Huang.  
     Finally and especially, I would like to give my special thanks to my parents, Mr. Jianchen 
Ren and Mrs. Suqing Wang, who have been proud of me, and who have been giving their 














TABLE OF CONTENTS 
ACKNOWLEDGMENTS……………………………………………………………………….ii 
LIST OF FIGURES……………………………………………………………………………...iv 
ABSTRACT……………………………………………………………………………………...v 
CHAPTER 1:  INTRODUCTION…………………………………………………………….....1 
CHAPTER 2: NITRIC OXIDE-INDUCED BACTERIOSTASIS AND    
               MODIFICATION OF IRON-SULFUR PROTEINS IN ESCHERICHIA COLI……..31                        
CHAPTER 3: REDOX CONTROL OF THE DNA DAMAGE-INDUCIBLE PROTEIN                         
               DING HELICASE ACTIVITY VIA ITS IRON-SULFUR CLUSTER……………...56 
CHAPTER 4: SITE-DIRECTED MUTAGENESIS: ROLE OF [4FE-4S] CLUSTER 
               IN ESCHERICHIA COLI ENDONUCLEASE III……………………………………80 
CHAPTER 5: CONCLUDING REMARKS AND FUTURE DIRECTIONS…………….........96 



















LIST OF FIGURES 
1.1    Enzymatic reaction catalyzed by NO synthases………………………….........................3 
1.2    Structures of four typical iron-sulfur clusters……………………....................................10 
1.3    NO response network in E. coli…………………………………………….....................19 
2.1    NO-induced bacteriostasis of E. coli.…………………………………………………....39 
2.2    Inactivation of dihydroxyacid dehydratase (IlvD) in E. coli cells by NO……………….41 
2.3    Formation of the protein-bound DNICs in wild-type E. coli…………………………….43 
2.4    A broad distribution of the protein-bound DNICs in the NO-exposed E. coli cells……..44 
2.5    Aerobically growing E. coli cells have a robust repair activity for the  
         protein-bound DNICs…………………………………………………………………....46 
2.6    Re-activation of the NO-inactivated IlvD in vivo and in vitro…………………………...48 
2.7    L-cysteine can decompose the protein-bound DNICs…………………………………...50 
2.8    The proposed model for the NO-induced bacteriostasis and modification of the 
          IlvD [4Fe-4S] cluster in E. coli under aerobic and anaerobic growth conditions.….......52 
3.1    Purified DinG contains an iron-sulfur cluster…………………………………………....63 
3.2    The conserved cysteine residues in DinG are required for ion-sulfur cluster  
          binding, protein stability and helicase activity……………………………………….....64 
3.3    Redox state of the iron-sulfur cluster in DinG regulates its helicase activity……….......66 
3.4    The iron-sulfur cluster of DinG is resistant to hydrogen peroxide……………………...68 
3.5    NO modifications on the DinG [4Fe-4S] cluster in vitro and in vivo……………...........70 
3.6    Reactivation of NO-modified DinG by reassembly of iron-sulfur clusters……………..72 
4.1    E. coli endonuclease III wild type and its four mutants…………………………............86 
4.2    The enzymatic assay of endonuclease III and its mutant proteins…………....................88   
4.3    Titration of the endonuclease III activity………………………………..........................89 





     Iron-sulfur proteins are ubiquitous in biological processes. Here we report that NO, a 
physiological free radical, can effectively inhibit cell growth of Escherichia coli in minimal 
medium under anaerobic growth conditions. Fractionation of the cell extracts obtained from NO-
exposed cells shows a broad distribution of the protein-bound dinitrosyl-iron complexes (DNICs) 
formed by NO. On the other hand, the cell growth of E. coli can be restored when NO-exposed 
cells are either supplemented with the branched-chain amino acids (BCAAs) anaerobically or 
returned to aerobic growth conditions. It turns out that dihydroxyacid dehydratase (IlvD), an 
iron-sulfur enzyme essential for the BCAAs biosynthesis, is completely inactivated by NO along 
with formation of the IlvD-bound DNICs. Nevertheless, the IlvD-DNICs, together with other 
protein-bound DNICs, are sufficiently repaired under aerobic growth conditions without new 
proteins synthesis. It is proposed that cellular deficiency to repair the NO-modified iron-sulfur 
proteins may directly contribute to the NO-induced bacteriostasis under anaerobic conditions. 
We further identify a new iron-sulfur enzyme as a potential target of NO, a DNA damage-
inducible helicase DinG, which is a member of the DNA helicase superfamily II involved in 
DNA replication and repair. We find that E. coli DinG contains a redox-active [4Fe-4S] cluster 
with a midpoint redox potential (Em) of -390 ± 23 mV (pH 8.0). An oxidized [4Fe-4S] cluster in 
DinG is required for its helicase activity and reduction of the [4Fe-4S] cluster can reversibly 
switch off its helicase activity. While DinG is resistant to 100-fold excess of hydrogen peroxide, 
it can be readily inactivated by NO, implying that inactivation of DinG by NO could impact the 
DNA repair and result in genomic instability. The NO-modified DinG can be fully reactivated by 
reassembly of a new [4Fe-4S] cluster, indicating that DinG is the primary target of NO exposure. 
The results from this study suggest that NO can effectively modify the iron-sulfur cluster in 





































Introduction of Nitric Oxide  
     Nitric oxide (NO) is a lipid and water-soluble radical molecule, which can easily diffuse 
through membranes and perform its biological functions. NO has one unpaired electron, which 
allows it to bind strongly to metal-containing proteins as well as react with other free radicals. 
The chemical properties of this molecule facilitate its multiple biological activities. 
Production of Nitric Oxide 
     The majority of NO production comes from the sequential oxidation of L-arginine to L-
citrulline in living cells (Palmer et al., 1988). This enzymatic reaction shown in Fig. 1.1 is 
catalyzed by NO synthases (NOSs) (MacMicking et al., 1997a, Bruckdorfer, 2005, Palmer et al., 
1988), which were found in eukaryotic cytosol (Stuehr, 1999), mitochondria (Elfering et al., 
2002) and a number of  bacteria (Cutruzzola, 1999). In mammalian cells, there are three types of 
NOSs. nNOS (neuronal NOS) and eNOS (endothelial NOS) were cloned from brain neurons and 
endothelial cells, respectively (Grasemann et al., 1999, Raghuram et al., 1999, Dawson et al., 
1991, Feron et al., 1996, Michel, 1997). The activity of these two NOSs are dependent on 
elevated intracellular Ca2+ and are termed cNOSs (MacMicking et al., 1997a). In contrast, iNOS 
(inducible NOS) is expressed in activated macrophages and is independent of elevated 
intracellular Ca2+ (Xie et al., 1992, Cho et al., 1992). In general, the expression of cNOSs is 
constitutive, whereas the expression of iNOS is inducible (MacMicking et al., 1997a). As a 
result, the difference of cNOS and iNOS leads to NO productions with low concentrations and 
high concentrations, respectively (MacMicking et al., 1997a). The NO production at low 
concentrations sustained by cNOSs performs signaling functions in the healthy host, whereas the 
NO production at high concentrations produced by iNOS is engaged during inflammation and 
infection (MacMicking et al., 1997a, Pacher et al., 2007). 





Fig. 1.1 Enzymatic reaction catalyzed by NO synthases. L-arginine is converted to L-citrulline, 
and oxygen and NADPH as co-substrates are converted to nitric oxide and NADP+. 
 
some studies have found that plant cells possess a nitrite-dependent NO production pathway by 
using nitrate reductase (NR), which is distinguished from the NOS-mediated reaction (Yamasaki, 
2000). NO is also shown as an intermediate in the process of denitrification by which certain 
bacteria sequentially reduce nitrate to dinitrogen (Zumft, 1997, Watmough et al., 1999). 
However, many “non-denitrifiying” bacteria including E. coli were reported to produce NO by 
processes that are independent of denitrification (Corker & Poole, 2003). The nitrite reductase 
(Nrf) has been shown to be responsible for the NO generation of anaerobically growing E. coli 
(Corker & Poole, 2003). NO production measured by the nitrosation of 2,3-diaminonaphthalene 
(DAN) was assumed to result from the enzymatic reduction of nitrite to NO followed by oxygen-
dependent DAN nitrosation (Ji & Hollocher, 1988). NO productions  have further been reported 
in Serratia marcescens (Anderson & Levine, 1986), Bacillus cereus (Kalkowski & Conrad, 
1991), three  species of methanotrophic bacteria (Ren et al., 2000), and the green micro alga 
Scenedesmus obliquus (Mallick et al., 2002). 
Function of Nitric Oxide as a Signaling Molecule 
     The function of nitric oxide as a signaling molecule had not been well understood for many 
decades until the early 1980s. Furchgott and Zawadzki found that acetylcholine-treated  
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endothelium was releasing a diffusible factor what would relax endothelium-denuded blood 
vessels by activating the guanylate cyclase (Furchgott & Zawadzki, 1980). This diffusible factor 
was termed as the endothelium-derived relaxing factor (EDRF) and was unstable with a short 
half-life of a few seconds (Furchgott & Zawadzki, 1980). In 1986, Furchgott proposed that nitric 
oxide (NO) was the elusive EDRF produced by endothelium, further confirmed by Ignarro 
(Ignarro, 1989, Ignarro et al., 1986a, Ignarro et al., 1986b). 
     Later, it was discovered that guanylate cyclase is the main target for NO as the signaling 
molecule. Soluble guanylate cyclase contains the same heme protoporphyrin IX as hemoglobin 
with a ferrous iron which can bind NO with a high binding affinity (Sharma et al., 1987). Only 
5-10 nM NO is sufficient to activate guanylate cyclase by binding to the iron of its heme group. 
The activated guanylate cyclase can catalyze the production of cGMP from GTP. NO diffuses 
from where it is synthesized to surrounding cells where it will activate guanylate cyclase in the 
target tissues to produce cGMP. Subsequently, cGMP activates cGMP-dependent kinases which 
regulate intracellular calcium levels to modulate various cellular functions in the target tissue 
(Sharma et al., 1987). 
     The unique properties of the NO molecule lead to the features for the signaling 
communication of NO. First, unlike some other signaling molecules with specific receptors, NO 
with only two atoms cannot be readily distinguished by its structure. Therefore, the 
communication can only be affected by changes of the local NO concentration. The longer NO is 
present, the higher level of cGMP will be produced. Secondly, NO, like O2 and carbon dioxide, 
can easily cross membranes (Wise & Houghton, 1968). It can freely diffuse in as well as out of a 
cell over the time span of one second (Wise & Houghton, 1968).  Thirdly, the half-life time of 
NO is about 1 second in vivo, which limits its action to only a few cells near the source of 
production. For example, NO produced in the gut cannot influence the central nervous system 
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(Pacher et al., 2007). On the other hand, the intermediate lifetime of NO coupled with its rapid 
diffusion through most tissues can allow NO to modulate diverse physiological processes 
(Tsoukias et al., 2004).  
     In blood vessels, the hemoglobin in red blood cells can greatly reduce the reentry of NO into 
the cells (Lancaster, 1994). In fact, the packaging of hemoglobin into red blood cells is important 
to limit the rate of scavenging of NO in vivo. When the lysis of red blood cells occurs, more 
efficient scavenging of NO by hemoglobin will greatly inactivate guanylate cyclase and decrease 
the production of cGMP, which leads to vasoconstriction (Tsoukias et al., 2004). In neuronal 
science, Gally et al. proposed that NO provides an important signal-averaging mechanism to 
control synaptic plasticity in the brain (Galley et al., 1996). Particularly, the amino terminus of 
nNOS contains an additional sequence that is absent in eNOS and iNOS, which allows nNOS to 
bind with the N-methyl-D-aspartate (NMDA) receptor (Hillier et al., 1999).  Therefore, the 
synthesis of NO is initiated by extracellular calcium entering the neuron through NMDA 
receptor (Hillier et al., 1999). In a summary, NO plays a fundamental role in the field of 
cardiovascular science and neuron science.  
Cytotoxic Effects of Nitric Oxide 
     In the late 1980s, John Hibbs found that L-arginine was the major compound that could 
restore the tumoricidal activity of macrophages when they investigated how macrophages kill 
cancer cells (Hibbs et al., 1987, Hibbs et al., 1988). The production of NO from L-arginine by 
macrophages was further confirmed by Stuehr and Nathan (Stuehr & Nathan, 1989). The later 
studies had shown that the alveolar macrophages in both human and mouse are capable of 
expressing iNOS (Kobzik et al., 1993, Turnage et al., 1998). Afterwards the production of NO 
was discovered to extend to birds (Lin et al., 1996), mollusca (Conte & Ottaviani, 1995), 
horseshoe crabs (Radomski et al., 1991), insects (Muller, 1994, Ribeiro et al., 1993), protozoa 
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(Paveto et al., 1995, Ghigo et al., 1995), and slime molds (Werner-Felmayer et al., 1994). More 
studies revealed that during inflammation and infection the sustained production of NO by 
expressed iNOS in macrophages performs cytostatic or cytotoxic activities against viruses, 
bacteria, fungi, protozoa, and tumor cells (MacMicking et al., 1997a).  
     Increasing evidence has shown the antimicrobial actions of NO production by iNOS in 
activated macrophages. In cell lines and inbred mouse strains, the resistance to microbial growth 
was found to be correlated with expression of iNOS (Karupiah et al., 1993). On the other hand, 
NOS inhibitors have been shown to exacerbate the infection in mice caused by virus, bacteria, 
fungi, protozoa and helminths (Liew et al., 1990, Karupiah et al., 1993, Evans et al., 1993, 
Taylor-Robinson et al., 1993, Beckerman et al., 1993, Vespa et al., 1994, Seguin et al., 1994, 
Lovchik et al., 1995, Ahvazi et al., 1995, Akarid et al., 1995, Rolph et al., 1996, Lowenstein et 
al., 1996, Hayashi et al., 1996, Tucker et al., 1996, MacMicking et al., 1997b). Similarly, the 
survival of knockout mice lacking the iNOS gene was significantly diminished upon infection 
with L. monocytogenes (MacMicking et al., 1995) and M. tuberculosis (MacMicking et al., 
1997b). Instead of NO generated by iNOS in vivo, NO directly provided from organochemical 
NO donors had been shown to have the similar antimicrobial activity. Also NO gas in 
deoxygenated media inhibited the growth of E. coli and L. monocytogenes (Liew et al., 1990, 
Vincendeau & Daulouede, 1991). 
     The iNOS is also involved in antitumor immunity. In model of mice, the expression of iNOS 
occured against tumor cells and the addition of iNOS inhibitor markedly decreased the growth of 
infected cells by tumor (Hibbs et al., 1987, Stuehr & Nathan, 1989, MacMicking et al., 1995). 
However, other antitumor products such as TNF, H2O2 and FAS ligand have been identified to 
be associated with NO in the immune system. The reason for the diversity of cytotoxic 
mechanisms against tumor cells may result from that tumor cells have devised multiple counter-
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strategies against macrophage (MacMicking et al., 1997a). Therefore, the expressions of iNOS 
and cytotoxic activities were much lower in the macrophage of tumor-bearing mice (Dinapoli et 
al., 1996). 
     Even though NO has been shown to have the antimicrobial and antitumor activities, the 
mechanisms of NO cytotoxitcity are still not well understood. At least two mechanisms have 
been proposed for NO cytotoxiciy. First, NO may impair enzymatic activities by directly binding 
with metal centers of enzymes, thereby blocking diverse cellular functions. NO can also attack 
DNA and lead to the formation of single-stranded breaks of DNA in cells (Nguyen et al., 1992, 
Li et al., 2002). Second, NO may react with other free radicals to product more reactive nitrogen 
oxide species (RNOS) such as peroxynitrite and N2O3, which further inhibit enzyme activities or 
induce more DNA damages. 
     Early studies indicated that when NO executed the antitumor activity, the defined damages in 
target cells included loss of a large fraction of the free iron pool, reduced activities of aconitase, 
oxygen consumption, and complex I and II in the mitochondrial electron transport chain and 
inhibition of DNA synthesis and its rate-limiting enzymes, ribonucleotide reductase (Nathan, 
1992).  NO can also inhibit catalase (Brunelli et al., 2001) and cytochrome P450 (Wink et al., 
1993). All the evidence implied that the reactions of NO and iron from the heme group or iron-
sulfur cluster of enzymes may cause the inactivation of enzyme activities. For example, NO may 
bind to the iron center of ribonucleotide reductase (Lepoivre et al., 1994) and cytochrome P450 
(Wink et al., 1993) as well as the iron of iron-sulfur clusters of aconitase, complex I and II 
(Nathan, 1992). The NO modification on iron-sulfur clusters will be further discussed later.   
     Besides NO, more free radicals are produced by activated macrophages in vivo such as O2-, 
H2O2 and .OH. These agents could either directly attack proteins in synergy with NO or 
indirectly react with NO to produce more potent toxic effect. NO can react with O2- to form  
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peroxynitrite (ONOO-/ONOOH), which has been shown to be more powerful than NO (Pacher et 
al., 2007). Peroxynitrite can modify protein structures and affect protein activities by binding 
with the metal centers of proteins or nitrosolating various amino acid residues in the peptide 
chain (Pacher et al., 2007). Peroxynitrite causes DNA damage by oxidation of both bases and 
sugar-phosphate backbone (Niles et al., 2006, Burney et al., 1999). 
     In general, NO produced by the immune system is a powerful weapon to kill pathogenic 
bacteria and tumor cells. The reason that NO is a good nonspecific cytotoxin is that it is small 
and lipophilic and easily crosses membranes of cells. The prime target of NO cytotoxicity 
appears to be the iron of metal centers in proteins such as heme and iron-sulfur clusters which 
are so essential for the multiple cellular functions that few microbes or tumor cells could mutate 
to a resistant state.  
Introduction of Iron-Sulfur Proteins 
     Iron-sulfur proteins are one group of metalloproteins containing iron-sulfur clusters, which 
are ancient, ubiquitous and diversely functional in different living organisms. The iron-sulfur 
clusters as cofactors play fundamental roles for the structures and functions of iron-sulfur 
proteins.  
The Ubiquitousness of Iron-Sulfur Proteins 
     Iron-sulfur clusters consisting of nonheme iron and inorganic sulfide are one of the most 
ancient and ubiquitous cofactors. They were first discovered in 1960s in photosynthetic 
organisms (Arnon et al., 1957), nitrogen-fixing bacteria (Mortenson et al., 1962), and 
mitochondrial fractions of mammalian cells (Beinert & Lee, 1961). These proteins contain iron 
and sulfur and represent a single family of iron proteins. After the discovery of ferrodoxin 
(Valentine, 1964),  a large number of iron-sulfur proteins have been identified in all three 
kingdoms of life (Holm et al., 1996, Beinert et al., 1997, Beinert, 2000, Rees, 2002). So far iron-
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sulfur proteins have been found in diverse biological processes including energy metabolism, 
amino acids biosynthesis, cellular iron homeostasis, DNA repair, and transcription regulation 
(Beinert & Kiley, 1999, Beinert, 2000, Johnson et al., 2005).  
Structures and Properties of Iron-Sulfur Clusters 
     Billions of years ago, iron and sulfur in the environment were plentiful and were recruited in 
the formation of iron-sulfur clusters with ancient proteins. With the long evolution, iron-sulfur 
clusters have diversified to various structures in order to perform the specific function in distinct 
proteins. In many cases, cysteine is the common ligand for binding iron-sulfur clusters in 
proteins. However, other amino acid residues including histidine, aspartate, serine and even 
arginine may provide ligands for the cluster binding (Berkovitch et al., 2004). There are four 
common types of iron-sulfur clusters: [2Fe-2S], [3Fe-4S], [4Fe-4S] and [8Fe-7S] shown in 
Fig.1.2. In most iron-sulfur proteins, the Fe center is tetrahedral while the sulfide groups are 
either two- or three coordinated. The sulfur centers from thiol groups of cysteine residues 
provide the ligands to bind iron centers of iron-sulfur clusters.      
     Iron-sulfur clusters have a remarkable feature for conversion and interconversion in both the 
free and protein-bound conditions (Beinert et al., 1997). For example, cubane-type [4Fe-4S] 
clusters can be assembled  from two [2Fe-2S] units, while [3Fe-4S] and [8Fe-7S] clusters can be 
assembled from [4Fe-4S] units via loss of one Fe and one cluster fusion, respectively (Johnson et 
al., 2005). For example, the oxygen-induced conversion of [4Fe-4S] to [2Fe-2S] clusters in 
transcription factor FNR (fumarate and nitrate reduction) protein of E. coli can control the 
expression of genes involved in the anaerobic growth of E. coli (Khoroshilova et al., 1995, Kiley 
& Beinert, 2003). 
Functions of Iron-Sulfur Clusters 





Fig. 1.2 Structures of four typical iron-sulfur clusters. (A) [2Fe-2S]. (B) [3Fe-4S]. (C) [4Fe-4S]. 
(D) [8Fe-7S]. Iron is shown in red and sulfur is shown in yellow. 
 
together with the chemical reactivity of iron and sulfur, enable the clusters to participate in 
numerous distinct biological functions including electron transfer, substrate binding, regulation 
of gene expression, and iron/sulfur storage. 
     The best-known function of iron-sulfur clusters is the electron transfer. Iron-sulfur clusters are 
essential components of respiratory and photosynthetic electron chains (Rouault & Tong, 2005, 
Schultz & Chan, 2001, Wollman et al., 1999). Up to 12 different iron-sulfur clusters found in 
mitochondria shuttle electrons through complexes I-III (Schultz & Chan, 2001). In chloroplasts, 
Fe-S clusters are required for the function of photosystem I, ferredoxin and the cytochrome b6f 
complex (Wollman et al., 1999). Most of iron-sulfur clusters are one-electron carriers, but the 
double-cubane [8Fe-7S] cluster found in nitrogenases has the potential to deliver two electrons at 
a time (Peters et al., 1997). Additionally, the core oxidation states and spin states of 
crystallographically defined iron-sulfur clusters vary in different forms depending on the charges 
of iron presented in the iron-sulfur clusters (Johnson et al., 2005). Owing to the electron-transfer 
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capability of iron-sulfur clusters, iron-sulfur proteins have a wide range of redox midpoint 
potentials from -700 mV to 400 mV (Beinert, 2000) and are the most important electron carriers 
in nature.  
     Iron-sulfur clusters also play an important role for binding substrates to trigger enzymatic 
reactions. Mitochondrial aconitase in the citric acid cycle is the best characterized example, in 
which the substrate isocitrate/citrate becomes activated when its hydroxyl group is ligated to the 
unique Fe site of the [4Fe-4S] cluster of aconitase (Beinert et al., 1996). Another case is the 
sulfur-based binding in the [4Fe-4S] clusters of S-adenosylmethionine (SAM)-dependent 
enzymes. The sulfur site of [4Fe-4S] clusters in SAM-dependent enzymes can bind to the 
substrate SAM to facilitate the cleavage of SAM, generating methionine and 5’-deoxyadenosyl 
radicals (Frey & Magnusson, 2003, Cheek & Broderick, 2001). These SAM-dependent Fe-S 
enzymes catalyze radical reactions in biosynthesis and degradation pathway of DNA precursor, 
vitamin, cofactor, antibiotic and herbicide (Cheek & Broderick, 2001). 
     The sensitivity of iron-sulfur clusters towards species such as H2O2, NO, and O2- allow them 
to function as important regulatory sensors to control gene expression corresponding to different 
environmental stimuli. The regulatory mechanisms are dependent on the structural change such 
as interconversion, assembly, degradation or redox chemistry in iron-sulfur clusters. The SoxR 
protein becomes active when its [2Fe-2S] cluster is oxidized, which initiates the transcription of 
numerous enzymes in the oxidative stress response (Demple et al., 2002). In order to control 
intracellular iron levels, iron regulatory protein 1 (IRP1) by assembly of its [4Fe-4S] cluster can 
regulate the expression of proteins including the iron-uptake protein transferrin receptor and 
iron-storage protein ferritin by binding with the mRNA of iron response elements (IREs) (Zecca 
et al., 2004, Pantopoulos, 2004). In iron deficiency, the IRP1 without [4Fe-4S] clusters binds to 
the 3’- and 5’- untranslated mRNA of the IREs, protecting the transferrin receptor mRNA from 
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nuclease digestion and preventing the synthesis of ferritin, respectively. Therefore the binding of 
IPR1 with the IREs increases cellular iron uptake and decreases iron sequestration. Contrarily, 
when iron is abundant, the IRP1 with [4Fe-4S] clusters can no longer bind to IREs because the 
binding sites of IRP1 are blocked by the clusters, thus allowing transferrin receptor mRNA  to be 
destroyed and expressing ferritin (Zecca et al., 2004, Pantopoulos, 2004). Although the IRP1 is 
not a key contributor to iron regulation in healthy animal, IRP1 can be induced to bind to IREs 
by stimuli such as H2O2, NO, and O2- (Pantopoulos, 2004). Another example is FNR (fumarate 
and nitrate reduction) protein which regulates the expression of anaerobic respiratory enzymes 
by oxygen-induced conversion from the DNA-binding dimeric [4Fe-4S] form to a monomeric 
[2Fe-2S] form (Khoroshilova et al., 1995, Kiley & Beinert, 2003). 
     Iron-sulfur clusters also play important structural and regulatory roles for some DNA 
replication and repair enzymes. In the case of endonuclease III (Cunningham et al., 1989, Kuo et 
al., 1992a) and MutY (Porello et al., 1998, Guan et al., 1998), the studies suggest that redox-
inactive [4Fe-4S] clusters play structural roles, similar to that of Zn in Zn-finger proteins, in 
which the cluster controls the structure of a protein loop essential for recognition and repair of 
damaged DNA (Johnson et al., 2005). The subunit of elongator complex 3 (Elp3) involved in 
RNA polymerase II transcription and tRNA modification contains an iron-sulfur cluster at the N 
terminal, which is proposed as an essential structural domain instead of catalytic domain for the 
elongator function in vivo (Greenwood et al., 2009). However, our recent study has shown that 
DNA helicase DinG protein has a redox-active iron-sulfur cluster which may act as a sensor of 
intracellular redox potential to modulate its helicase activity (Ren et al., 2009). Eukaryotic DNA 
primase in yeast and human has also been found containing an iron-sulfur cluster, which is 
essential for RNA primer synthesis (Klinge et al., 2007, Weiner et al., 2007).  
     Because iron-sulfur clusters are crucial for diverse cellular functions of iron-sulfur enzymes, 
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the damage of iron-sulfur clusters in mutations or pathological conditions has been found 
associated with several human diseases. For example, the germline mutations of the gene 
encoding succinate dehydrogenase subunit B (SDHB) in respiratory complex II mainly lead to 
the cancer of kidney, adrenal gland and thyroid gland due to the damage of iron-sulfur clusters in 
this protein (King et al., 2006). The mutations that destabilize the Fe–S clusters in the DNA 
repair enzymes XPD and FancJ are associated with the phenotypes in patients with 
trichothiodystrophy and Fanconi anemia, respectively (Rudolf et al., 2006). 
Biogenesis of Iron-Sulfur Clusters 
     Since iron-sulfur clusters are essential for multiple cellular functions in vivo, there are diverse 
mechanisms evolved in different living organisms to assemble them inside the cells. Indeed, the 
biosynthesis of iron-sulfur proteins does not occur spontaneously and requires a large number of 
proteins to cooperate in the assembly process.  
     Nearly all organisms use the highly conserve proteins for the biogenesis of iron-sulfur 
clusters. The basic components of several biosynthesis systems have been found in bacteria and 
eukaryotes including humans (Rouault & Tong, 2008). At least three systems in bacteria have 
been identified for the assembly of iron-sulfur clusters (Barras et al., 2005, Johnson et al., 2005, 
Fontecave et al., 2005, Mansy & Cowan, 2004). Generally, iron-sulfur proteins are assembled by 
the house-keeping ISC (iron-sulfur cluster) system or the SUF (sulfur mobilization) system 
(Zheng et al., 1998, Takahashi & Tokumoto, 2002). The NIF (nitrogen fixation) system is 
specifically utilized for the assembly of metalloclusters of nitrogenase in azototrophic bacteria 
(Dos Santos et al., 2004). The basic components for each system are the iron donor, sulfur donor 
and scaffold/chaperone proteins. For example, in ISC system of E. coli, it has been shown that 
IscA provides iron to the assembly machinery (Ding et al., 2004, Ding & Clark, 2004); IscS as 
cysteine desulfurase provides sulfur (Smith et al., 2005); both iron and sulfur are utilized in the 
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scaffold protein IscU to generate iron-sulfur clusters (Agar et al., 2000, Yang et al., 2006), which 
are delivered to the target apoproteins with the assistance of chaperone proteins (Lill & 
Muhlenhoff, 2008, Lill & Muhlenhoff, 2006, Ayala-Castro et al., 2008). ISCS in human cells 
and NFS1 in S. cerevisiae are the homologs of bacterial IscS and functions as the cysteine 
desulfurase  (Rouault & Tong, 2008). To emulate the assembly of iron-sulfur proteins in vivo, 
some studies have shown that the incubation of L-cysteine, IscS, ferrous iron and apoproteins in 
presence of reducing reagent dithiothreitol (DTT) can also assemble iron-sulfur clusters in 
proteins in vitro (Yang et al., 2002, Rogers & Ding, 2001, Rogers et al., 2003). 
     Numerous diseases have been associated with the failure of the biogenesis of iron-sulfur 
proteins, which indicates the crucial role of this process for life.  Unlike the direct damage on 
one specific iron-sulfur proteins, the defects in the iron-sulfur cluster biogenesis cause more 
severe and profound effects on broad cellular activities including respiratory chain, the TCA 
cycle, DNA repair and mitochondrial iron homeostasis (Babady et al., 2007, Camaschella et al., 
2007, Mochel et al., 2008). Moreover, the impaired biogenesis of iron-sulfur clusters result in 
mitochondrial iron overload and cytosolic iron depletion (Rouault & Tong, 2008). Especially, the 
mutations on the essential proteins in the biogenesis of iron-sulfur clusters have been found 
associated with Friedreich ataxia, sideroblastic anemia and myopathy in patients of Swedish 
descent (Rouault & Tong, 2008). 
Physiological Relevance of NO and Iron-Sulfur Proteins                                                          
     As discussed above, the interplay of NO and iron has biological significance. NO can bind 
hemoproteins such as guanylate cyclase (Sharma et al., 1987), cytochrome P450 (Wink et al., 
1993) and hemoglobin (Kon, 1968) as well as the nonheme iron centers of proteins, such as FeS 
cluster (Drapier, 1997). A number of iron-sulfur proteins have been found as the primary targets 
of NO cytotoxicity, which can significantly affect diverse cellular functions as discussed below. 
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The NO Modification on Iron-Sulfur Clusters 
     Electron paramagnetic resonance (EPR) spectroscopy is the most common method for the 
observation of NO modification on iron-sulfur clusters. EPR can detect magnetic dipoles of the 
sample exposed to a magnetic field. If the sample has paired electrons and thus are diamagnetic, 
it will have no EPR signal, which is called EPR-silent (Drapier, 1997). Contrarily, EPR can 
detect unique signals if the sample contains one and more unpaired electrons, such as free 
radicals or some transition metal ions. Although NO as a free radical is paramagnetic, NO is not 
EPR-detectable under normal conditions. However, when NO binds to transition metals, 
particularly Cu and Fe, the NO-metal complexes can be detected by EPR spectroscopy. Different 
complexes may have their unique EPR signals, which will reveal the existence of specific 
paramagnetic species in whole cells or tissues and confirm the presence of NO trapped in 
biological system (Drapier, 1997). 
     The early studies have shown that NO reacted with iron and cysteine or the NO-treated cells 
can generate the paramagnetic species that have a unique EPR signal at g = 2.04 (Vanin, 1967, 
Vanin et al., 1967, Woolum et al., 1968). These paramagnetic complexes are the dinitrosyl-iron 
complexes (DNICs) bound with two thiol groups of cysteine residues from proteins.  In vitro 
studies indicated that a number of  purified iron-sulfur proteins can be modified by NO forming 
these protein-bound dinitrosyl-iron complexes (DNICs) with the unique EPR signal at g = 2.04 
(Drapier, 1997, Kennedy et al., 1997, Foster & Cowan, 1999, Ding & Demple, 2000, Rogers et 
al., 2003, Salerno & Ohnishi, 1976, Reddy et al., 1983). Also, the DNICs signals have been 
detected in a  wide range of conditions from cancerous tissue (Vithayathil et al., 1965) to the 
substantia nigra of Parkinson’s disease brain tissue (Shergill et al., 1996), which is associated 
with excess NO production by macrophages, tumors, spinal cords, endothelial cells, pancreatic 
islets and hepatocytes (Cooper, 1999). All the studies confirm that NO can modify iron-sulfur 
 
16 
proteins and form protein-bound DNICs in vitro and in vivo.  
     The primary protein target of NO is the iron-sulfur proteins whose injury by NO can induce a 
broad range of dysfunctions of multiple biological processes and consequently inhibit or stop cell 
growth. Owing to 12 different Fe-S clusters found in mitochondrial respiration chain (Schultz & 
Chan, 2001), NO and its derivatives peroxynitrite can significantly inhibit mitochondrial 
respiration by damaging  mitochondrial complexes I, II, IV,V and aconitase (Brown & Cooper, 
1994, Cleeter et al., 1994, Schweizer & Richter, 1994, Brown, 1999), thereby dramatically 
decreasing the energy production. Most recently, another important Fe-S enzyme, dihydroxyacid 
dehydratase (IlvD) has been identified as a primary protein target of NO in the biosynthesis of 
branched-chain amino acids (BCAAs) (Hyduke et al., 2007, Ren et al., 2008). The other Fe-S 
enzymes such as the ferredoxin [2Fe-2S] clusters (Rogers & Ding, 2001), the endonuclease III 
(Rogers et al., 2003), the redox transcription factor SoxR (Ding & Demple, 2000), a number of 
other dehydrates (Woodmansee & Imlay, 2003) have also been shown to be sensitive to NO,  
contributing to the dysfunctions of various cellular activities. 
NO-Induced Genomic Instability 
     It has been reported that NO and its derivative peroxynitrite can cause the nitrosative 
deamnation of DNA bases such as guanine and cytosine (Tamir et al., 1996, Burney et al., 1999). 
Also, NO leads to the oxidation of DNA bases and the modification of DNA sugar backbone, 
generating oxidized products such as 8-oxoguanine (oxo8dG) (Tamir et al., 1996, Burney et al., 
1999). As a result, there are several types of DNA lesions: single-strand/double-strand breaks, 
DNA crosslinks, and other oxidation products, which results in genomic instability (Burney et 
al., 1999). In vivo study indicated that the chronic NO exposure has been attributed to genomic 
instability associated with DNA double-strand breaks and fragmentations (Gal & Wogan, 1996, 
Li et al., 2002).  
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     More importantly, a number of iron-sulfur enzymes are found to be involved in DNA 
replication and repair processes such as the endonuclease III  [4Fe-4S] cluster (Rogers et al., 
2003), the family 4 uracil-DNA glycosylase [4Fe-4S] cluster (Hinks et al., 2002), the human 
helicase XPD [4Fe-4S] cluster (Liu et al., 2008, Fan et al., 2008, Wolski et al., 2008), E. coli 
helicase DinG [4Fe-4S] cluster (Ren et al., 2009), the subunit of elongator complex 3 (Elp3) 
[4Fe-4S] cluster (Greenwood et al., 2009) and eukaryotic DNA primase [4Fe-4S] cluster (Klinge 
et al., 2007, Weiner et al., 2007). NO modification on these Fe-S proteins can impair DNA repair 
pathways and crucially contribute to genomic instability.  
     In a summary, NO as an important signaling molecule plays a fundamental role in cell 
communications. On the other hand, NO as a free radical produced by the immune system 
defense the pathogenic invasion by its cytotoxic/cytostasis activity. Among the cellular targets, 
iron-sulfur proteins are highly sensitive and vulnerable to NO. Therefore, the study of the 
interplay of NO and iron-sulfur proteins is crucial for understanding NO cytotoxicity. 
NO Response Network in E. coli 
     In response to NO stress, bacteria have developed a number of mechanisms to defend against 
the NO produced by immune system (Spiro, 2007). E. coli contains at least three enzymes to 
metabolize NO: a flavorubredoxin/flavodiiron NO reductase (NorV) which can reduce NO to 
nitrous oxide under anaerobic condition (Gardner et al., 2002, Gomes et al., 2002); a 
flavohaemoglobin NO dioxygenase (Hmp) which can oxidize NO to nitrate under aerobic 
conditions (Poole & Hughes, 2000, Gardner & Gardner, 2002, Bodenmiller & Spiro, 2006); and 
a pentaheme nitrite reductase which has a NO reductase activity (Poock et al., 2002). The 
expression of these two NO-consuming proteins, NO reductase (NorV)  and oxidase (Hmp),  is 
increased in response to NO by the NO-specific transcription factor NorR (D'Autreaux et al., 
2005) and NsrR (Bodenmiller & Spiro, 2006, Rodionov et al., 2005), respectively. Additional 
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evidence indicated that the diiron protein encoded by ytfE plays a crucial role involved in the 
self-defense of bacteria to NO (Justino et al., 2007). Deletion of any of these genes significantly 
increased the sensitivity of E. coli to NO under either aerobic or anaerobic growth conditions.   
     The self-defense against NO in E. coli not only depends on NO-consuming proteins by 
regulations of transcription factors such as NorR and NsrR as NO sensors, but also requires the 
repair of the NO-modified metalloproteins such as iron-sulfur proteins. IscR has been recently 
recognized as an important transcription factor for the ISC system (Pullan et al., 2007). As 
discussed above, the ISC system is the house-keeping gene machinery for assembly of iron-
sulfur clusters. IscR as an iron-sulfur protein can repress the Fe-S cluster assembly and repair 
system (ISC). When E. coli cells are exposed to NO, IscR as the repressor fails to repress the 
expression of ISC system and stimulate the assembly of new iron-sulfur clusters to repair NO-
modified iron-sulfur proteins (Pullan et al., 2007, Hyduke et al., 2007) . More genes have been 
found in the protection of E. coli against NO (Mukhopadhyay et al., 2004, Justino et al., 2005, 
Hyduke et al., 2007, Pullan et al., 2007).  
     NO sensors IscR and NsrR have been recognized as iron-sulfur proteins, so the investigation 
of how NO regulates the activities of these two proteins would be of interest for understanding 
NO response network. Taken together, a number of proteins act either as NO targets to interfere 
biological processes or as NO sensors to defense NO cytotoxicity, which comprises a large 
complicate network of NO response in E. coli. The proposed NO response network is 
summarized in Fig. 1.3. Therefore, analysis of the NO response network is important to 
understand other stress responses including antibiotic resistance. The elucidation of the E. coli 






Fig. 1.3 NO response network in E. coli. The network can be divided into two key categories: the 
NO-interfered cellular activities (the rectangles connected to NO with lines) and NO defense 
system (the rectangles connected to NO with dashes). In each cellular activity, different iron-
sulfur proteins are listed in the ellipses attached with rectangles. Three iron-sulfur proteins (Nth, 
DinG and IlvD) have been discussed in Chapter 2-4.  
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     Nitric oxide (NO) is an active free radical, which plays a fundamental role in neuronal 
system, cardiovascular system and immune system. At low concentrations, NO is a signaling 
molecule for cellular communications of neuronal and cardiovascular systems (Ignarro, 1999); at 
high concentrations, NO performs cytostatic or cytotoxic activity to protect host against bacteria, 
fungi, protozoa and tumor cells (Krieglstein et al., 2001b, MacMicking et al., 1997a).  However, 
the mechanism of NO cytotoxicity remains elusive. 
     In response to NO stress, bacteria have developed a number of mechanisms to defend the NO 
produced by immune system (Spiro, 2007). In E. coli, there are at least three enzymes to 
metabolize NO: a flavorubredoxin/flavodiiron NO reductase which can reduce NO to nitrous 
oxide under anaerobic condition (Gardner et al., 2002, Gomes et al., 2002); a flavohaemoglobin 
NO dioxygenase which can oxidize NO to nitrate under aerobic condition (Poole & Hughes, 
2000, Gardner & Gardner, 2002, Bodenmiller & Spiro, 2006); and a pentaheme nitrite reductase 
which has a NO reductase activity (Poock et al., 2002). Additional evidence indicated that a 
diiron protein encoded by ytfE plays a crucial role involved in bacterial defense against NO 
(Justino et al., 2007). Deletion of any of these genes significantly increased the sensitivity of E. 
coli to NO under either aerobic or anaerobic growth condition.  However, all these genes 
together are still not sufficient to protect E. coli from the NO cytotoxicity (Mukhopadhyay et al., 
2004, Justino et al., 2005, Hyduke et al., 2007, Pullan et al., 2007). 
     Increasing evidence suggested that NO can easily attack the metal cofactors in proteins, 
especially iron-sulfur clusters (Spiro, 2007). The proteins containing iron-sulfur clusters are 
involved in many biological processes including energy metabolism, cellular iron homeostasis, 
amino acids biosynthesis, DNA repair and transcription regulation (Johnson et al., 2005, Lill et 
al., 2006, Rouault & Tong, 2008) . In vitro study has been shown that the purified iron-sulfur 
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proteins can be readily modified by NO forming the protein-bound dinitrosyl-iron complexes 
(DNICs), which have a unique EPR signal at g = 2.04 (Drapier, 1997, Kennedy et al., 1997, 
Foster & Cowan, 1999, Ding & Demple, 2000, Rogers et al., 2003). In vivo studies further 
confirmed that iron-sulfur clusters such as the aconitase [4Fe-4S] cluster (Gardner et al., 1997), 
the endonuclease III [4Fe-4S] cluster (Rogers et al., 2003), the redox transcription factor SoxR 
[2Fe-2S] cluster (Ding & Demple, 2000), the ferredoxin [2Fe-2S] cluster (Rogers & Ding, 2001), 
the dihydroxyacid dehydratase [4Fe-4S] cluster (Hyduke et al., 2007) and a number of other 
dehydrate [4Fe-4S] clusters (Woodmansee & Imlay, 2003) are easily modified by NO.  
Additionally, the gene microarray experiments demonstrated that the NO exposure dramatically 
stimulated the expression of the genes involved in the assembly and/or repair iron-sulfur clusters 
in E. coli cells (Hyduke et al., 2007, Mukhopadhyay et al., 2004, Justino et al., 2005, Pullan et 
al., 2007). All the evidence indicated that iron-sulfur proteins are one of the primary targets 
involved in the NO cytotoxicity (Spiro, 2007). 
     In this study, we have explored the NO-induced bacteriostasis and modification of iron-sulfur 
proteins in E. coli. The results show that transient NO exposure effectively inhibits cell growth 
of E. coli in minimal medium under anaerobic conditions. However, cell growth is restored when 
the NO-treated cells are re-incubated in either aerobic growth condition or anaerobic growth 
condition supplemented with the branched-chain amino acids (BCAA). Both the enzyme 
activities and electron paramagnetic resonance (EPR) measurements show that dihydroxyacid 
dehydratase (IlvD) as an essential enzyme in the BCAA biosynthesis is inactivated by NO-
modification on its Fe-S cluster, forming the IlvD-bound dinitrosyl iron complex (DNIC). 
Moreover, fractionation of the cell extracts prepared from the NO-treated E. coli cells show a 
broad distribution of the NO-modified iron-sulfur proteins.  Although the IlvD-bound DNICs 
and other protein-bound DNICs are stable under anaerobic growth conditions, they are 
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efficiently repaired under aerobic growth conditions even without protein synthesis. We propose 
that intracellular small molecule thiols may directly contribute to the robust repair activity for the 
NO-modified iron-sulfur proteins in E. coli under aerobic growth conditions. Additional studies 
indicate that L-cysteine may have an important role in repairing the NO-modified iron-sulfur 
proteins in aerobically growing cells. The results suggest that cellular deficiency to repair the 
NO-modified Fe-S proteins may directly contribute to the NO-induced batereiostasis under 
anaerobic conditions. 
Methods and Materials 
Cell Growth and NO Exposure 
     Overnight wild-type E. coli cells (GC4468) were diluted 1:100 into autoclaved Luria-Bertani 
(LB) medium and incubated at 37 °C with aeration (250 r.p.m.) for 2h. At O.D. = 0.4, E. coli 
cells were harvested and washed once with minimal medium. Then cells were resuspended in 
minimal medium containing 0.2% glucose. NO exposure was performed by the Silastic tubing 
(ID×OD; 0.025×0.047 in.) delivery system (Tamir et al., 1993).  Pure NO gas (Air Co.) was first 
passed through a soda-lima column to remove NO2 and higher oxides of nitrogen before being 
delivered into the Silastic tubing. The length of Silastic tubing immersed in the cell culture was 
adjusted to control a flowing rate of 100 nM NO released per second. Such a NO releasing rate 
was comparable to the reported NO production in activated polymorphonuclear leucocytes 
(Krieglstein et al., 2001a) or in RAW 264.7 macrophages co-cultured with arginase-deficient 
Helicobacter pylori (Gobert et al., 2001).  Before NO treatment, the exponentially growing cells 
were purged with pure argon gas to avoid the reaction of oxygen and NO.  After NO exposure, 
the residual NO gas in cell cultures was re-purged by pure argon gas. Then the NO-exposed E. 
coli cells were divided into two flasks: one was returned to anaerobic growth conditions and the 
other to aerobic growth conditions. Both flasks with NO-exposed cells in the same volume were 
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re-incubated at 37°C with shaking of 250 rpm. In some experiments, the branched-chain amino 
acids in final concentrations of 100 µg per ml were added to cell cultures anaeorbically. The E. 
coli cells without NO exposure were incubated as controls. The cell growth was monitored in a 
Klett-Summerson photoelectric colorimeter (Klett MFG. Co.). 
Cloning of E. coli IlvD 
     The DNA fragment of gene ilvD was amplified from wild-type E. coli genomic DNA by 
using PCR. Two primers (ilvD-1, 5’-GACACTGCTAGCAAATAAAGTATGCCTAAG-3’; 
ilvD-2, 5’-GGTTGCGGCTCAGCCATTATTAACCCCCCA-3’) were synthesized to contain a 
NheI and BlpI site (Operon), respectively. The PCR product was digested by restriction enzyme 
NheI and BlpI (New England Biolab), and the digested product was ligated to an expression 
vector pET28b+ to produce pTIlvD.  Recombinant IlvD was expressed to about 2% of total 
cellular protein in E. coli cells using isopropyl β-D-1-thiogalactopyranoside at a final 
concentration of 100 µM. The over- expressed IlvD protein was purified by Ni-agarose column 
followed by a HiTrap desalting column (Amersham Biosciences) as described previously for 
other proteins (Rogers & Ding, 2001). 
Enzymatic Assay of IlvD 
     The cell extracts were obtained by French press followed by centrifugation at 34,000 g for 45 
min. The substrate DL-2,3-dihydroxy-isovalerate was synthesized according to the method 
described previously (Cioffi et al., 1980). The substrates for the synthesis are osmium tetroxide, 
3,3-dimethylacrylic acid and silver chlorate. The synthesis reaction was followed by a wash, 
neutralization, filter, concentration and crystallization. All chemical reagents used in the 
synthesis of DL-2,3-dihydroxy-isovalerate were obtained from Sigma-Aldrich.  In the assay, 10 
µl cell extracts (~5.0 mg total protein per ml) prepared from E. coli cells containing recombinant 
IlvD were added to 390 µl pre-incubated reaction mixtures containing Tris (50 mM, pH 8.0), 
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MgCl2 (10 mM) and DL-2,3-dihydroxy-isovalerate (10 mM) (Flint et al., 1993b). The product 
(keto acids) was monitored at 240 nm with an extinction coefficient of 0.19 cm-1mM-1 (Flint et 
al., 1993b). 
Re-Assembly of Iron-Sulfur Clusters in NO-Modified IlvD 
     The  cell extract prepared from the NO-treated E. coli cells containing recombinant IlvD (~5.0 
mg total protein ml-1) were incubated with L-cysteine (0.5mM), cysteine desulfurase IscS (2 
µM), Fe(NH4)2(SO4)2 (100 µM) and dithiothreitol (2 mM) anaerobically at 37°C as described 
previously (Rogers et al., 2003). At different time points, aliquots (10µl) of the incubation 
mixture were taken for the IlvD enzymatic assay as describe above. 
Fractionation of the Cell Extracts 
     The cell extracts were prepared from the NO-treated E. coli cells by passing the cells through 
French press once, followed by centrifugation at 34,000 g for 45 min. The concentration of the 
cell extract was 40 mg protein per ml after concentration with the microconcentrators (Millipore 
Co.). Then the cell extract was loaded onto a gel filtration column (Superdeex-200) attached to a 
Fast Protein Liquid Chromatography system (Amersham Biosciences). The proteins were eluted 
from the column at a flow rate of 0.5 ml min-1 in a buffer containing Tris (20mM, pH 8.0) and 
NaCl (500 mM). The gel filtration column was calibrated by a gel filtration protein standard 
(Sigma Co.) under the same experimental conditions.  The protein concentration for each 
fraction was measured by the Bradford assay (Bio-Rad Co.).  
The EPR Measurements of the Protein-Bound DNICs 
     The X-band EPR spectra were recorded by a Bruker model ESR-300 EPR spectrometer 
equipped with an Oxford Instruments 910 continuous flow cryostat. Routine EPR measurement 
conditions were: microwave frequency, 9.50 GHz; microwave power, 2.0 mW; modulation 
frequency, 100 KHz; modulation amplitude, 1.2 mT; sample temperature, 20 K; receive gain,         
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105. For quantification of the protein-bound DNICs, the E. coli endonuclease III-bound DNIC 
(Rogers et al., 2003) was used as a standard.  
Results 
NO Induces Bacteriostasis of E. coli under Anaerobic Growth Conditions 
     To explore the NO cytotoxicity in bacteria, we used the Silastic tubing NO delivery system 
(Tamir et al., 1993). The NO delivery system was controlled by the length of the Silastic tubing 
immersed in the cell culture, which provided a reproducible NO flowing at a rate of 100 nM per 
second. As reported previously (Gobert et al., 2001, Krieglstein et al., 2001a), such a NO 
releasing rate emulated the pathophysiological NO productions in vivo. In this study, 
exponentially growing E. coli cells were purged with pure argon before NO treatment. After NO 
exposure for 10 min, E. coli cells were re-purged with argon to remove the residual NO. Then 
the NO-exposed cells were divided into two flasks and respectively re-incubated in aerobic or 
anaerobic growth conditions. Fig. 2.1A shows that after 2 h incubation, the NO-exposed E. coli 
cells in minimal medium didn’t grow under anaerobic conditions, suggesting that the NO 
exposure sufficiently inhibited cell growth of E. coli under anaerobic growth conditions. On the 
other hand, when NO-exposed cells were returned to aerobic growth conditions (Fig. 2.1B), cell 
growth was restored with a short delay as reported previously (Hyduke et al., 2007). The 
different growth of the NO-exposed cells shows that NO exposure can induce a prolonged 
bacteriostasis under anaerobic conditions. 
     The recovery of the NO-exposed E. coli cells under aerobic growth conditions (Fig. 2.1B) 
implies that the effective inhibition of anaerobic cell growth after NO exposure may result from 
the limited production of some cellular molecules essential for the cell growth under anaerobic 
conditions compared with under aerobic conditions. The previous study (Hyduke et al., 2007) 
has shown that NO exposure may create a transient deficiency of the BCAAs in E. coli cells 
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under aerobic growth conditions, thereby resulting in a short delay of cell growth.  To test 
whether the deficiency of the BCAAs contributes to the prolonged bacteriostasis under anaerobic 
conditions, we supplemented the minimal medium with various components including BCAAs 
for the anaerobic growth conditions. The results shown in Fig. 2.1C indicated that addition of 
BCAAs (leucine, isoleucine and valine) largely alleviated the inhibition of cell growth under 
anaerobic growth conditions. Contrarily, addition of the non-BCAAs (glycine, lysine and 
alanine) failed to restore cell growth of the NO-exposed E. coli under the same conditions (Fig. 
2.1C). Therefore, NO exposure may cause the BCAAs auxotrophy of E. coli and lead to failure 
of cell growth under anaerobic conditions.  
Dihydroxyacid Dehydratase in E. coli Cells Is Inactivated by NO   
     It has been reported that the BCAA auxotrophy may result from the oxidative damage of iron-
sulfur clusters in E. coli (Jang & Imlay, 2007) and in Saccharomyces cerevisiae (Wallace et al., 
2004). There are two iron-sulfur enzymes involved in BCAA biosynthesis pathway. One is 
dihydroxyacid dehydratase (IlvD) (Flint et al., 1993a), and the other is isopropylmalate 
isomerase (LeuCD) (Jang & Imlay, 2007). IlvD catalyses the conversion from 2,3-dihydroxy-
isovalerate to 2-keto-isovalerate (Flint et al., 1993a), while LeuCD catalyses the conversion from 
2-isopropylmalate to 3-isopropylmalate (Jang & Imlay, 2007). Both IlvD and LeuCD require an 
intact [4Fe-4S] for their enzyme activities. Because LeuCD has two subunits disassociated 
during the purification process (Jang & Imlay, 2007), we chose IlvD for further investigation.  
     To facilitate the rapid enzyme activity assay in the cell extract, we expressed the recombinant 
IlvD to about 2% of total intracellular proteins in E. coli cells. The cell extracts were prepared by 
French press immediately after the E. coli cells containing recombinant IlvD were exposed to 
NO at a rate of 100 nM per second. Compared with the fully active cell extract without NO 




Fig. 2.1 NO-induced bacteriostasis of E. coli. Exponentially growing E. coli cells were exposed 
to pure NO gas at a rate of 100 nM per second for 10 min anaerobically. The NO-exposed E. coli 
cells were returned to either (A) anaerobic or (B) aerobic growth conditions in minimal medium 
containing 0.2% glucose. Circles: untreated E. coli cells; triangles: the NO-exposed E. coli cells. 
C. The NO-exposed E. coli cells were returned to anaerobic growth conditions in minimal 
medium containing 0.2% glucose supplemented with different amino acids. Filled triangles: the 
NO-exposed E. coli cells supplemented which three BCAAs (leucine, isoleucine and valine); 
open diamonds: the NO-exposed E. coli cells supplemented with three non-BCAAs (glycine, 
alanine and lysine); open circles: the NO-exposed E. coli cells supplemented with an equal 
volume of water. The final concentration of each amino acid was 100 µg per ml. The cell growth 




activity (Fig. 2.2A), which demonstrated that IlvD containing a [4Fe-4S] cluster is susceptible to 
NO exposure.  Fig. 2.2B showed that the IlvD activities in the cell extract rapidly decreased as 
the increasing NO-exposed time; especially less than 20% of the IlvD activities contained in the 
cell exact prepared from the 5min NO-treated cells.  It is worth mentioning that the 10 min NO 
exposure by Silastic tubing NO delivery system completely diminished the IlvD activity of E. 
coli cells, whereas at least 50% of the IlvD activity remained when E. coli cells were exposed to 
8 µM of the NO-releasing reagent NONOate (Hyduke et al., 2007), indicating that the Silastic 
tubing NO delivery system may be more effective than the NO bolus exposure in treating 
bacteria cells. 
     It has been shown that iron-sulfur proteins can be modified by NO, forming protein-bound 
dinitrosyl iron complexes (DNICs) in vitro and in vivo (Ding & Demple, 2000, Drapier, 1997, 
Kennedy et al., 1997, Foster & Cowan, 1999, Cruz-Ramos et al., 2002, Rogers et al., 2003). To 
investigate whether IlvD could be also modified forming the IlvD-bound DNICs by NO 
exposure, we purified recombinant IlvD from E. coli cells before and after NO exposure. The 
EPR signal at g = 2.04 (Fig. 2.2C) showed that the IlvD with a [4Fe-4S] cluster was modified to 
the IlvD-bound DNIC in vivo. Moreover, the EPR signal of the IlvD-bound DNIC purified from 
the NO- exposed cells was identical to that of the purified IlvD directly exposed to NO in vitro 
(Fig. 2.2C). In an agreement of IlvD inactivation in the E. coli cells during NO exposure, the 
EPR signals at g = 2.04 were gradually increased (Fig. 2.2D), which implied that the inactivation 
of IlvD may result from the formation of the IlvD-bound DNICs. The results suggest that the 
IlvD [4Fe-4S] cluster can be modified forming the IlvD-bound DNICs during NO exposure in 
vivo and consequently block the BCAA biosynthesis in E. coli.  
Formation of the Protein-Bound DNICs in E. coli Cells by NO 




Fig. 2.2 Inactivation of dihydroxyacid dehydratase (IlvD) in E. coli cells by NO. (A) The enzyme 
activity of recombinant IlvD in E. coli cells before and after 10 min NO exposure. The cell 
extracts were prepared from E. coli cells (concentrated to OD600 of 3.0) before and after the NO 
exposure. The reaction product (keto acids) was monitored at 240 nm as described in the 
methods and materials. (B) Kinetics of the NO-mediated inactivation of IlvD in E. coli cells. 
Aliquots of the cell culture were taken at different time points during NO exposure. The cell 
extracts were prepared in the same conditions from NO- exposed cells at different time points. 
Circles: the NO-exposed cell extracts; triangles: unexposed cell extracts as controls. (C) EPR 
spectra of recombinant IlvD. Spectrum a) IlvD purified from unexposed E. coli cells; b) purified 
IlvD directly exposed to NO; c) IlvD purified from E. coli cells with 10 min NO exposure. (D) 
Inactivation of IlvD in NO-exposed E. coli cells correlated with the formation of the IlvD-bound 
DNICs. Filled Circle: EPR signals at g= 2.04; filled triangles: IlvD activities. 
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protein-bound dinitrosyl-iron complexes (DNICs) are formed when the E. coli cells are exposed 
to NO. To monitor the formation of the protein-bound DNICs, the NO-treated wild-type E. coli 
cells and the crude extracts obtained by French press were measured by EPR experiments. Both 
EPR spectra showed the typical signal at g=2.04 indicating the formation of the protein-bound 
DNICs (Fig. 2.3A). The difference of EPR signal between the samples of the cell and cell extract 
was less than 20%, which indicated that the protein-bound DNICs are stable in the cell extract 
(Fig. 2.3A) (Rogers & Ding, 2001). Fig. 2.3B shows that the kinetics of the formation of the 
protein-bound DNICs in E. coli cells by NO. Within 5 min NO exposure, the amount of the 
protein-bound DNICs reached maximum. It is clear that a number of iron-sulfur proteins 
including IlvD can be modified by NO, forming the protein-bound DNICs. 
     The cell extract was further fractionated by a gel filtration column (Superdex-200) as 
described in the Methods and Materials. The EPR measurement of the eluted fractions showed 
that the protein-bound DNICs were present in almost all protein fractions (Fig. 2.4A). Whereas 
the ratio of the EPR signal to the protein concentration in each fractions varied considerably (Fig. 
2.4B), the total amount of the protein-bound DNICs in the cell extracts was fully recovered in the 
eluted fractions. Therefore, a large number of different protein-bound DNICs, including IlvD-
bound DNICs, are formed in E. coli by NO exposure.  
The Protein-Bound DNICs Are Efficiently Repaired in E. coli Cells under Aerobic Growth 
Conditions but not under Anaerobic Growth Conditions 
 
     A broad distribution of the protein-bound DNICs in the NO-exposed E. coli suggests that 
multiple cellular functions of iron-sulfur proteins could be damaged by the NO exposure. To 
survive from NO cytotoxicity, the NO-exposed E. coli cells must self-repair the protein-bound 
DNICs as the product of the NO exposure.  The EPR signal at g = 2.04 indicated that the protein-
bound DNICs rapid disappeared in a half-life time of about 5 min when the NO-exposed cells 




Fig. 2.3 Formation of the protein-bound DNICs in wild-type E. coli. (A) EPR spectra of NO-
exposed cells or cell extracts. E. coli cells were exposed to NO gas at a rate of 100 nm per 
second for 0 min (spectrum a) and 10 min (spectrum b) by using the Silastic tubing NO delivery 
system under anaerobic conditions. The cells were concentrated to OD600 of 10.0 after NO 
exposure. Spectrum c, the cell extracts prepared from the NO-treated cells by French press. (B) 
Kinetics of the protein-bound DNICs in E. coli cells. The amplitudes of the EPR signal at g = 
2.04 in the E. coli cells were plotted as a function of the NO exposure time. The endonuclease 
III-bound DNICs was used as a standard. The data were the average from three independent 
experiments. 
    
DNICs in aerobically growing E. coli cells did not require new protein synthesis, because 
addition of the protein synthesis inhibitor chloramphenicol had little or no effect on the decay of 
the protein-bound DNICs under aerobic growth conditions. On the other hand, when the NO- 
bound DNICs in aerobically growing E. coli cells did not require new protein synthesis, because 
addition of the protein synthesis inhibitor chloramphenicol had little or no effect on the decay of 
the protein-bound DNICs under aerobic growth conditions. On the other hand, when the NO- 
exposed cells were returned to anaerobic growth conditions, at least 75% of the protein-bound 




Fig. 2.4 A broad distribution of the protein-bound DNICs in the NO-exposed E. coli cells. The 
cell extracts prepared from the NO-exposed cells (20 mg total protein in 0.5 ml) were loaded to a 
gel filtration column (Superdex-200) and eluted at a flow rate of 0.5 ml per min using buffer 
containing Tris (20 mM, PH 8.0) and NaCl (500 mM). (A) EPR spectra of the fractions eluted 
from the gel filtration column. (B) The relative amplitude of the EPR signal at g = 2.04  (closed 
cycles) and the protein concentration (mg per ml) (closed triangles) in each eluted fraction were 
plotted as a function of the fraction number. The molecular weights of the gel filtration protein 
standard are indicated at x-axis. 
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NO-exposed cells cannot be repaired under anaerobic growth conditions. The observed 
difference between aerobic and anaerobic growth conditions suggests that aerobic growing E. 
coli cells may have a more robust repair activity for the protein-bound DNICs. 
The NO-Inactivated IlvD Is Quickly Reactivated in E. coli Cells under Aerobic Growth 
Conditions but not under Anaerobic Growth Conditions 
 
     To further confirm that the protein-bound DNICs can be repaired in E. coli cells under 
aerobic growth conditions but not under anaerobic growth conditions, we measured the IlvD 
activity in the cell extracts prepared from the NO-exposed cells as described previously. Fig. 
2.6A showed that the impaired IlvD activity in E. coli cells was significantly restored after re-
incubation under aerobic conditions even in presence of the protein synthesis inhibitor 
chloramphenicol. In contrast, when the NO-exposed cells were returned to anaerobic conditions, 
the NO-inactivated IlvD remained inactive for at least 2 h. In the consistent with the EPR results 
(Fig. 2.5), the IlvD activity measurement (Fig. 2.6A) further proved that the NO-modified iron-
sulfur proteins can be repaired under aerobic growth conditions but not under anaerobic growth 
conditions and that such a robust repair activity does not require new protein synthesis.  
     Since new protein synthesis is not required in the repair of the protein-bound DNICs, it is 
very likely that the reassembly of iron-sulfur clusters may contribute to the reactivation of iron-
sulfur proteins. To prove this assumption, we reassembled the iron-sulfur cluster in NO-
inactivated cell extract in vitro. The cell extract prepared from the NO-exposed cells was 
incubated with L-cysteine, cysteine desulfurase IscS and ferrous iron in presence of dithiothreitol 
at 37°C, a system used for repairing the NO-modified iron-sulfur proteins (Rogers et al., 2003). 
Fig. 2.6B showed that the NO-inactivated IlvD in the cell extracts was quickly re- activated after 
incubation with the iron-sulfur cluster repair system. Significantly, the 30 min incubation 
restored up to 75% IlvD activity, which is comparable with the restored activity in vivo under 





Fig. 2.5 Aerobically growing E. coli cells have a robust repair activity for the protein-bound 
DNICs. Exponentially growing E. coli cells (concentrated to OD600 of 5.0) were exposed to pure 
NO gas at a rate of 100 nM per second for 10 min using the Silastic tubing anaerobically, 
followed by purge with pure argon gas. Then NO-exposed cells were then returned to either 
aerobic or anaerobic growth conditions in minimal medium containing 0.2% glucose. (A) The 
EPR spectra of the NO-exposed E. coli cell under aerobic growth condition at different 
incubation time points. (B) The EPR spectra of the NO-exposed E. coli cell under anaerobic 
growth condition at different incubation time points. (C) Decay kinetics of the EPR signal at g = 




sulfur cluster repair system can cause a failure of reactivation of IlvD. Therefore, the results 
suggested that the reassembly of iron-sulfur clusters may result in the reactivation of the NO-
modified iron-sulfur proteins. More importantly, the repair of iron-sulfur cluster is present under 
aerobic growth conditions but not under anaerobic growth conditions, which consequently leads 
to prolonged bacteriostasis under anaerobic growth conditions. 
Potential Role of L-Cysteine in the Repair of the Protein-Bound DNICs in E. coli  
     Because aerobically growing E. coli cells have a robust repair activity to repair the NO- 
inactivated IlvD without new protein synthesis (Fig. 2.5 and Fig. 2.6A), we proposed that 
intracellular small molecules but not specific proteins may be directly responsible for the robust 
repair in aerobically growing cells. Previous studies have shown that L-cysteine has dual 
functions in repair of the NO-modified iron-sulfur proteins. L-cysteine can decompose the 
protein-bound DNICs in vitro (Rogers & Ding, 2001); it also can be catalyzed by cysteine 
desulfurase IscS to release sulfide for the re-assembly of iron-sulfur clusters (Rogers et al., 
2003). Therefore, L-cysteine may play a crucial role in repairing the NO-modified proteins in E. 
coli cells. 
     To investigate the role of L-cysteine in decomposing the IlvD-bound DNICs, we prepared the 
cells extracts from the E. coli cells containing either an expression vector or recombinant IlvD 
before and after the NO exposure. Fig. 2.7A showed that the EPR signal at g = 2.04 of the cell 
extracts from the NO-exposed cells without recombinant IlvD was completely eliminated after 
the incubation with L-cysteine but not with reduced glutathione or N-acetyl-L-cysteine, which 
indicated that the E. coli cells without expression of recombinant IlvD have the protein-bound 
DNICs decomposed by L-cysteine. At the same condition, the EPR signal of the cell extracts 
from the NO-exposed cells with recombinant IlvD showed the same specific decomposition by 




Fig. 2.6 Re-activation of the NO-inactivated IlvD in vivo and in vitro. The recombinant IlvD was 
expressed to about 2% of total cellular protein in E. coli cells before being exposure to NO for 
10min. (A) Re-activation of the NO-inactivated IlvD in vivo. The NO-exposed cells were 
returned to either aerobic (filled triangles) or anaerobic (open triangles) growth conditions. The 
crude extracts were prepared by French press at different incubation time points and taken for 
IlvD enzymatic assay. Chloramphenicol (34 µg ml-1) was added into the cell culture before NO 
exposure to block new protein synthesis. (B) Re-activation of the NO-inactivated IlvD in vitro. 
The cell extract prepared from the NO-exposed cells containing recombinant IlvD were 
incubated at 37°C with L-cysteine (0.5 mM), cysteine desulfurase IscS (1 µM) and 
Fe(NH4)2(SO4)2 (100 µM) in the presence of dithiothreitol (2 mM) anaerobically. Samples were 
taken for the activity assay at different incubation time points. Closed circles: the enzyme 
activity of IlvD in the cell extracts with iron-sulfur cluster repair system. Open circles: the 
enzyme activity of IlvD in the cell extracts without iron-sulfur cluster repair system. The data are 
the averages from three independent experiments. 
 
recombinant IlvD was about three fold higher than that of the cells without recombinant IlvD 
(Fig. 2.7B), which resulted from the formation of  the IlvD-bound DNICs. We also incubated the 
purified IlvD-bound DNICs with L-cysteine and found that the L-cysteine was equally effective 
in decomposing the IlvD-bound DNICs (Fig. 2.7C). All the results suggested that the addition of 
L-cysteine can rapidly decompose the protein-bound DINCs and contribute to the robust repair 
activity for the NO-modified iron-sulfur proteins. The mechanism of the L-cysteine mediated 





     In this study, we found that transient NO exposure effectively inhibits cell growth of E. coli in 
minimal medium under anaerobic growth conditions and that the cell growth can be restored 
when the NO-exposed cells are either returned to aerobic growth conditions or anaerobic growth 
conditions with the BCAAs supplement. The enzymatic activity measurement indicated that IlvD 
as an essential iron-sulfur enzyme involved in the BCAAs biosynthesis of E. coli  (Flint et al., 
1993a), is completely inactivated by the NO exposure with concomitant formation of the IlvD- 
DNICs. Moreover, the IlvD-bound DNICs in vivo are found stable under anaerobic re-
incubation, but are quickly decomposed under aerobic growth conditions, and the NO-
inactivated IlvD activity is restored even without new protein synthesis. The results not only 
confirm the notion that IlvD is a primary target of NO cytotoxicity (Hyduke et al., 2007) but also 
suggest that NO can effectively inhibit cell growth of E. coli under anaerobic growth conditions 
under which the NO-modified IlvD cannot be efficiently repaired. 
     Unlike reversible binding of NO with hemes in proteins (Ramachandran et al., 2002), the NO 
modification on iron-sulfur clusters is not reversible, associated with the formation of the 
protein-bound DNICs (Drapier, 1997, Kennedy et al., 1997, Foster & Cowan, 1999, Ding & 
Demple, 2000, Cruz-Ramos et al., 2002, Rogers et al., 2003). As a result, re-activation of the 
NO-modified iron-sulfur proteins requires decomposition of the DNICs in proteins, followed by 
re-assembly of new iron-sulfur clusters (Rogers et al., 2003). As for the mechanism of re-
assembly of iron-sulfur clusters, IscS and YtfE have been identified as crucial enzymes involved 
in repairing of the NO-modified iron sulfur enzymes. Both are highly induced in E. coli cells by 
NO exposure (Mukhopadhyay et al., 2004, Justino et al., 2005, Hyduke et al., 2007, Pullan et al., 




Fig. 2.7 L-cysteine can decompose the protein-bound DNICs. The cell extracts were prepared 
from the NO-exposed E. coli cells (concentrated to OD600 of 2.0) with the expression vector only 
(A) or with recombinant IlvD (B). Recombinant IlvD was induced to about 2% of toal cellular 
proteins prepared from the E. coli cells (a) before NO exposure or (b) after NO exposure. 
Afterward the cell extracts were incubated with no addition (c) or L-cysteine (1 mM) (d), 
reduced glutathione (GSH) (1 mM) (e) or N-acetyl-L-cysteine (NAC) (1 mM) (f) at 37 °C for 30 
min. (C) Purified IlvD-DNICs ( 5 µM) (1) was incubated with no addition (2) or L-cysteine (1 
mM) (3) at 37°C for 30 min. The samples were immediately transferred to EPR tubes after the 
incubation. The EPR spectra were taken as described in the methods and materials. 
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defense responses to repair the NO-modified iron-sulfur enzymes in aerobically growing E. coli 
cells. However, the efficient repair for the protein-bound DNICs in aerobically growing cells 
does not require new protein synthesis (Fig. 2.5 and 2.6A), suggesting that amounts of the 
specific repair enzymes are not the critical factors for the repair activity under aerobic growth 
conditions. Besides the repair enzymes such as IscS, several intracellular small molecules for re-
assembly of iron-sulfur clusters such as ATP, L-cysteine and NADPH/NADH could be crucial. 
Because  L-cysteine can decompose the protein-bound DNICs and act as the substrate for 
cysteine desulfurase IscS to donate sulfide for re-assembly of iron-sulfur clusters (Rogers & 
Ding, 2001), we propose that L-cysteine may directly contribute to the robust repair activity for 
the NO-modified iron-sulfur proteins in aerobically growing cells (Fig. 2.7). The physiological 
function of L-cysteine in repairing the NO-modified iron-sulfur proteins are under further 
investigation.  
     Up to today, there are over 200 proteins identified as iron-sulfur proteins involved in multiple 
cellular functions (Johnson et al., 2005, Lill & Muhlenhoff, 2006). The gel filtration 
fractionation of the cell extracts prepared from the NO-exposed cells (Fig. 2.4) shows that a large 
number of iron-sulfur proteins can be modified forming the protein-bound DNICs in vivo, which 
proves that iron-sulfur proteins are the primary targets of NO cytotoxicity. However, the 
modification on some specific enzymes is not vital for E. coli cells. One example is that the 
aconitase [4Fe-4S] is completely dispensable for anaerobic growth and consequently the 
modification of the [4Fe-4S] cluster in aconitase would not affect anaerobic growth of cells. In 
contrast, BCAAs are required for E. coli growth both under aerobic growth conditions and under 
anaerobic growth conditions, so the NO-mediated inactivation of IlvD would create the BCAAs 
auxotrophy and inhibit the growth of E. coli cells. Due to the robust repair activity for NO-
modified iron-sulfur enzymes in aerobically growing E. coli cells (Fig 2.6A), the NO exposure 
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only induces a transient depletion of BCAAs and a brief delay of cell growth (Hyduke et al., 
2007) (Fig. 2.1). On the contrary, the NO-inactivated IlvD remains inactive under anaerobic 
growth conditions because of the deficiency to repair the protein-bound DNICs such as IlvD-
DNICs (Fig. 2.6A). As a result, the un-repaired IlvD-DNICs cannot synthesize BCAAs and 
cause prolonged bacteriostasis under anaerobic growth conditions. A proposed model for the 




Fig. 2.8 The proposed model for the NO-induced bacteriostasis and modification of the IlvD 
[4Fe-4S] cluster in E. coli under aerobic and anaerobic growth conditions. The physiological NO 
exposure completely converts the IlvD [4Fe-4S] cluster to the IlvD-bound DNIC and inactivates 
the enzyme activity. Under aerobic growth conditions, the NO-modified IlvD is reactivated by 
reassembly of iron-sulfur clusters, thereby restoring the biosynthesis of BCAAs to support the 
cell growth of the NO-exposed E. coli cells. Under anaerobic growth conditions, the NO-
modified IlvD cannot be repaired and remains inactive, consequently blocking the synthesis of 
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     The DNA damage-inducible gene (dinG) was initially found in a number of genes expression 
experiments in the global SOS response to DNA damage reagents in E. coli (Lewis et al., 1992, 
Van Dyk et al., 2001, Fernandez De Henestrosa et al., 2000, Sassanfar & Roberts, 1990). The 
conserved motif in the sequence of dinG suggested that DinG protein encoded by dinG is a 
putative helicase belonging to the helicase superfamily II (Koonin, 1993). Recent studies showed 
that DinG can unwind DNA-RNA duplexes, D-loops and R-loops, suggesting that DinG may 
play an important role in recombinational DNA repair and resumption of replication following 
DNA damage (Voloshin & Camerini-Otero, 2007). Interestingly, both deletion of dinG and 
overexpression of DinG protein have only a slight effect on E. coli viability and sensitivity to 
UV radiation (Voloshin et al., 2003), indicating that E. coli could have redundant helicase 
activities. 
     Analysis of the DinG protein sequence revealed that E. coli DinG is closely related to two 
human helicases XPD and BACH1 (Lehmann, 2001, Cantor et al., 2001, Liu et al., 2008, Fan et 
al., 2008, Wolski et al., 2008, Coin et al., 2007). XPD is a component of transcription factor IIH 
(TFIIH) which is essential for RNA polymerase II-mediated transcription initiation and the 
nucleotide excision repair pathway (Liu et al., 2008, Coin et al., 2007). Inherited mutations in 
XPD have been related to at least three human diseases: xeroderma pigmentosum (XP), 
cockayne syndrome (CS) and trichothiodystrophy (TTD) (Lehmann, 2001). BACH1 has also 
been shown to physically interact with the BRCT motifs of BRCA1 (breast cancer 1 protein) 
(Cantor et al., 2004). Both XPD and BACH1 have essential iron-sulfur domains (Rudolf et al., 
2006). The X-ray structure of XPD demonstrated that a [4Fe-4S] cluster is located in the vicinity 
of the DNA-binding site of XPD (Liu et al., 2008, Fan et al., 2008, Wolski et al., 2008). More 
importantly, the mutations that disrupt the stability of iron-sulfur clusters in XPD cause 
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inactivation of its helicase activity and are associated with the phenotypes in patients with 
trichothiodystrophy (Rudolf et al., 2006). Recent studies have also found that XPD homologs 
from Sulfolobus acidocaldarius and Ferroplasma acidamanus contain an iron-sulfur cluster 
located between the Walker A and B motifs in the N-terminal of the protein which is essential 
for the helicase activity (Pugh et al., 2008, Rudolf et al., 2006). Even though iron-sulfur clusters 
have been discovered in a large number of proteins that have interactions with DNA or RNA 
(Demple, 1996, Gaudu & Weiss, 1996, Mettert & Kiley, 2007, Schwartz et al., 2001, Paraskeva 
& Hentze, 1996, Agarwalla et al., 2004, Hernandez et al., 2007, Cunningham et al., 1989, Boal 
et al., 2005, Porello et al., 1998, Hinks et al., 2002, Weiner et al., 2007, Klinge et al., 2007); the 
specific functions of iron-sulfur clusters in these proteins mostly remain elusive. 
     Since E. coli DinG has ~48% identity with human XPD in the regions of the helicase motif 
(Voloshin et al., 2003), the study of the iron-sulfur cluster in DinG may provide some clues for 
the function of human XPD and related diseases. In this study, we demonstrate that purified 
DinG contains a redox-active [4Fe-4S] cluster with a midpoint redox potential (Em) of -390 ± 
23mV (pH 8.0) and that reduction of the [4Fe-4S] cluster in DinG can reversibly switch off the 
helicase activity. The mutagenesis of the conserved cysteine ligands for binding of the iron-
sulfur cluster disrupts the protein stability and impairs the helicase activity. Importantly, unlike 
the E. coli dihydroxyacid dehydratase [4Fe-4S] cluster, the DinG [4Fe-4S] cluster is stable when 
it is exposed to 100 fold excess of hydrogen peroxide, indicating that DinG could be functional 
under oxidative stress. However, nitric oxide, as a physiological free radical produced by 
activated macrophages (Gobert et al., 2001, Ignarro, 1999, MacMicking et al., 1997a, Krieglstein 
et al., 2001a), can effectively modify the DinG [4Fe-4S] cluster and inactivate helicase activity 
with concomitant formation of DinG-bound dinitrosyl iron complexs (DNICs) in vivo and in 
vitro, which is similar to the other DNA repair enzymes containing iron-sulfur enzymes such as 
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endonuclease III (Rogers et al., 2003). The reassembly of iron-sulfur cluster in vitro reactivates 
the helicase activity of the NO-modified DinG. Taken together, we propose that the iron-sulfur 
cluster in DinG may act as a sensor of intracellular redox potential to regulate its helicase activity 
and that the NO modification on the iron-sulfur cluster in DinG and other DNA repair enzymes 
may contribute to the NO-mediated genomic instability (Gal & Wogan, 1996, Li et al., 2002). 
Methods and Materials 
Protein Preparation 
     The DNA fragment encoding the DNA damage-inducible protein DinG was amplified from 
E. coli genomic DNA by PCR. Two primers, DinG-1 (5’-GGTTTTCCCATGGCATTAACCGC-
C-3’) and DinG-2 (5’-CATCATTAAAGCTTCCGACGGCGT-3’), were used for PCR 
amplification. The PCR product was digested by HindIII and NcoI and ligated into expression 
vector pET28b+ to produce pTDinG. The cloned DNA fragment was confirmed by direct 
sequencing using the T7 primer (Genomic Facility, Louisiana State University). Recombinant 
DinG was overproduced in E. coli BL21 strain in terrific broth and purified by Nickle-agarose 
column, followed by HiTrap desalting column. The purity of purified DinG was >95% judging 
from the SDS-PAGE gel stained by Coomassie blue. The precise molecular weight of DinG 
protein was confirmed by electrospray ionization-mass spectrometry (Chemistry Department, 
Louisiana State University). The protein concentration of DinG was measured from the 
absorption peak at 280nm using an extinction coefficient of 79.0 mM-1cm-1. The total iron 
content in protein samples was determined by an iron indicator, Ferrozine (Cowart et al., 1993). 
The total sulfide content was determined based on the method of Siegel (Siegel, 1965).  
     The site-directed mutagenesis was performed by the Quickchange kit from Stratagene. 
Mutations in the gene dinG were confirmed by direct sequencing (Genomic Facility, Louisiana 
State University). The DinG mutant proteins were expressed and purified in the same procedures  
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as described for wild-type DinG.  
     Recombinant dihydroxyacid dehydratase (IlvD) from E. coli was prepared as described (Ren 
et al., 2008). The product of the enzymatic reaction (keto acids) was monitored at 240 nm using 
extinction coefficient of 0.19 mM-1cm-1. The substrate DL-2,3-dihydroxyisovalerate was 
synthesized according to the method of Cioffi (Cioffi et al., 1980). 
Helicase Activity Assay 
     The helicase activity of DinG was measured according to the method of Voloshin (Voloshin 
et al., 2003) with slight modifications. Basically, an oligonucleotide (5’-
CCGTAACACTGAGTTTCGTCACCAGTACAAACTACAACGCCTGTAGCATTCCACA-3’) 
was labeled with [γ-32P] ATP using polynucleotide kinase (New England Biolabs). The 
radioactive-labeled oligonucleotide (5 µM) was annealed with M13mp18 single-stranded DNA 
(New England Biolabs) in annealing buffer containing Tris (50 mM, pH 7.5), NaCl (50 mM) and 
MgCl2 (10 mM). The annealing reaction was heated at 85°C for 5min and cooled to room 
temperature over 2 hours. The annealed DNA duplex was purified by a gel filtration spin column 
(Chroma Spin-400, Clontech) as the DNA substrate for the DinG helicase activity. The reaction 
buffer for  the helicase activity contain Tris (50 mM, pH 8.0), NaCl (100 mM), MgCl2 (5 mM), 
dithiothreitol (2 mM), glycerol (5%) and ATP (2 mM). The DNA substrate was incubated with 
DinG and reaction buffer at 30°C for 10min. For each experiment, two controls in which the 
substrate was either denatured by heating at 90°C for 5 min or incubated at 30°C without 
enzymes were included. The reactions were terminated by the stop solution containing 1% SDS, 
10 mM EDTA and 0.1% bromophenol blue. The incubated reactions were loaded on 1% agarose 
gel to separate the DNA products after reactions, then transferred to Nytran transfer membranes 




Redox Titration of the DinG Iron-Sulfur Cluster  
     A specially designed anaerobic cuvette was used for redox titrations as described by Dutton 
(Dutton, 1978). Before the titration, DinG (20 µM) in presence of safranin O (1 µM) was 
equilibrated with ultrapure argon gas for at least 50 min at room temperature.  During titrations, 
argon flow was maintained with gentle stirring using a small magnetic stirrer on the bottom of 
the cuvette. The redox potential of the solution was adjusted by adding small amount of freshly-
prepared sodium dithionite by using a 10 µl gas-tight microsyringe (Hamilton, Reno, NV). The 
redox potential was monitored by a redox microelectrode (Microelectrodes Inc., Bedford, NH). 
Freshly prepared ZoBell solution containing potassium ferricyanide (5 mM) and potassium 
ferrocyanide (5 mM) dissolved in Tris (20 mM, pH 8.0) and NaCl (500 mM) was used as a 
standard (Eh = 238 mV) for calibration of the redox microelectrode. 
NO Exposure of DinG and Reassembly of the Iron-Sulfur Cluster in the Protein 
     For in vitro NO exposure, the purified DinG (30 µM) was incubated with the NO-releasing 
reagent diethylamine NONOate (0-0.5 mM, Cayma Chemicals) in buffer containing Tris (20 
mM, pH 7.5) and NaCl (200 mM) anaerobically at room temperature. Diethylamine NONOate 
releases 1.5 eq. of NO/mol of parent compound with a half-time of 16 min at room temperature 
when pH 7.5. After NO-releasing, the NO-exposed protein was repurified by a HiTrap desalting 
column to remove the residual diethylamine NONOate. For in vivo NO exposure, E. coli cells 
containing recombinant DinG were exposed to the Silastic tubing NO delivery system as 
described  previously (Ren et al., 2008). The length of the Silastic tubing immersed in the cell 
culture was adjusted to allow NO releasing at ~100 nM per second under anaerobic conditions, 
which mimics the reported NO production in activated polymorphonuclear leukocytes 
(Krieglstein et al., 2001b) or in RAW 264.7 macrophage co-cultured with arginase-deficient 
Helicobacter pylori (Gobert et al., 2001). After NO exposure with different time points, the NO-
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treated cells containing recombinant DinG were used for further purification as the procedures 
described in protein preparation. 
     For reassembly of iron-sulfur clusters, NO-exposed DinG (10 µM) was incubated with freshly 
prepared Fe(NH4)2(SO4)2 (80 µM), L-cysteine (0.5 mM) and cysteine desulfurase IscS (1 µM) in 
the presence of dithiothreitol (2 mM) anaerobically at room temperature for 20 min as described 
(Rogers et al., 2003, Ren et al., 2008), followed with re-purification of  DinG by HiTrap 
desalting column.  
EPR Measurements 
     The EPR spectra were recorded at X-band on a Bruker ESR-300 spectrometer using an 
Oxford Instruments ESR-9 flow cryostat. The routine EPR conditions were as follows: 
microwave frequency, 9.45 GHz; microwave power, 10 milliwatts; modulation frequency, 100 
kHz; modulation amplitude, 2.0 milliteslas; sample temperature, 20 K; and receive gain, 1.0 × 
105. 
Results 
E. coli DinG Contains an Iron-Sulfur Cluster Essential for Protein Stability and Helicase 
Activity 
 
     The UV-visible spectrum of purified DinG showed an absorption peak at ~ 403 nm 
(Fig.3.1A), which is a typical absorption peak for iron-sulfur clusters. The overall spectrum of 
purified DinG was similar to that of the purified XPD homolog [4Fe-4S] cluster from S. 
acidocaldarius (Rudolf et al., 2006) and the endonuclease III [4Fe-4S] cluster from E .coli 
(Rogers et al., 2003). The total iron and sulfur content analysis of DinG showed that each 
monomer  contained ~ 3.1± 0.5 iron and 2.8 ± 0.8 sulfide (n =3), suggesting that DinG likely 
contains one [4Fe-4S] per monomer. Purified DinG was further analyzed for its DNA helicase 
activity according to the procedure described by Voloshin (Voloshin et al., 2003). Fig. 3.1B 




Fig. 3.1 Purified DinG contains an iron-sulfur cluster. (A) UV-visible absorption spectrum of 
purified E. coli DinG. The protein concentration was 10 µM. (B) the helicase activity of DinG. 
DinG at a final contration of 0-200 nM was incubated with the 32P-radioactively labeled DNA 
substrate in presence of ATP (2mM) at 30 °C for 10 min. The reaction product was separated by 
agarose gel (1%) electrophoresis as described in Methods and Materials. Lane H is the DNA 
substrate heated at 85°C for 5 min. The concentration of DinG in the reaction is shown at the top 
of each lane.  
 
     The protein sequence of DinG has 11 cysteine residues in DinG, four of which are conserved 
among a subset of DinG proteins from diverse bacteria (Voloshin & Camerini-Otero, 2007, 
Rudolf et al., 2006).  To test whether the four conserved cysteine residues (Cys-120, Cys-194, 
Cys-199, and Cys-205) are required for iron-sulfur cluster binding, we used site-directed 
mutagenesis to replace each of them with serine as described in the Methods. All four mutant 
proteins (C120S, C194S, C199S, and C205S), purified in the same procedure as wild-type DinG, 
had no absorption peak at 403 nm (Fig. 3.2A). Moreover, the SDS-PAGE gel indicated that 
unlike wild-type DinG, the DinG mutants expressed in E. coli cells were largely degraded after 
the same purification process (Fig. 3.2B). The helicase assay further revealed there was no 




Fig. 3.2 The conserved cysteine residues in DinG are required for ion-sulfur cluster binding, 
protein stability and helicase activity. The DinG mutants were constructed and purified as 
described in the Methods and Materials. (A) UV-visible absorption spectra of purified DinG 
mutants. The protein concentrations were ~3 µM. (B) SDS-PAGE gel analysis of purified wild-
type DinG and four mutants. The same amount of cells containing either wild-type DinG or the 
DinG mutants was used for the protein purification. Equal amount of proteins were loaded on the 
SDS-PAGE gel. Lane 1-5, wild type DinG and mutants C120S, C194S, C199S, and C205S, 
respectively. (C) The helicase activity of wild-type DinG and four mutants. The purified proteins 
(200 nM) were incubated with the 32P-radioactively labeled DNA substrate in presence of ATP 
(2mM) at 30 °C for 10 min. The reaction product was separated by agarose gel (1%) 
electrophoresis as described in Methods and Materials. Lane H, the heated DNA substrate; lane 




cysteine residues may play an essential role for the iron-sulfur cluster binding in DinG and 
protein stability.  
Redox State of the Iron-Sulfur Cluster in DinG Controls Its Helicase Activity 
     Although the iron-sulfur cluster in DinG is stable under aerobic conditions, addition of 
sodium dithionite quickly bleached the absorption peak at 403 nm (Fig. 3.3A). When the reduced 
DinG was exposed to air or addition of the oxidant potassium ferricyanide, the absorption peak at 
403 nm reappeared (Fig. 3.3A), suggesting that the iron-sulfur cluster in DinG can be reversibly 
reduced by sodium dithionite.  
     The absorption peak at 403 nm was then used to determine the midpoint redox potential (Em) 
of the DinG iron-sulfur cluster. Purified DinG was dissolved in the buffer containing the redox 
mediator safranin O under anaerobic conditions. The redox potential of the solution was adjusted 
by adding freshed prepared sodium dithionite and directly monitored by a microelectrode as 
described by Dutton (Dutton, 1978). The UV-visible absorption spectra were taken at different 
redox potentials, and the absorption peak at 403 nm of the DinG [4Fe-4S] cluster was plotted as 
a function of the poised redox potentials (Fig. 3.3B). The data from three experiments were fitted 
to a Nernst equation (n =1) with a midpoint redox potential of -390 ± 23 mV, a value close to 
that of the intracellular redox potential in E. coli (Ding et al., 1996). 
     EPR spectroscopy was further used to explore the redox state of the DinG iron-sulfur cluster. 
As shown in Fig. 3.3C, purified DinG had no EPR signal at around the g = 2.0 region under the 
experimental conditions (spectrum 1). However, when freshly prepared sodium dithionite was 
added to purified DinG, a rhombic EPR signal with gx =1.918, gy = 1.944, and gz = 2.005, 
appeared in spectrum 2, indicating a reduced iron-sulfur cluster. Spin quantification revealed that 
there was ~0.8-0.9 spin per each iron-sulfur cluster in the dithionite-reduced DinG. The observed 




Fig 3.3 Redox state of the iron-sulfur cluster in DinG regulates its helicase activity. (A) UV-
visible absorption spectra of reduced and oxidized DinG. Pure DinG (25 µM) shown in spectrum 
1 was reduced with sodium dithionite (200 µM) under anaerobic conditions (spectrum 2) and 
then reoxidzied by exposure to air for 20 min (spectrum 3). (B) redox titration of the DinG [4Fe-
4S] cluster. Purified DinG (25 µM) in buffer containing Tris (20 mM, pH 8.0) and NaCl (500 
mM) was equilibrated with  safranin O (1 µM). The redox titration was performed in an 
anaerobic curvette as described in Methods and Materials. The x axis shows the redox potential 
measured by a redox microelectrode. The y axis shows the relative absorbance at 403 nm, 
normalized to 0 or 100% for a fully reduced or oxidized DinG [4Fe-4S] cluster respectively. The 
solid line based on the data points represents the best fit to the Nernst equation (n=1) with Em of  
-390 ± 23 mV. Data were obtained from three repeatable sets of experiments shown in three 
different symbols.  (C) EPR spectra of purified DinG in the reduced or oxidized form. Purified 
DinG (500 µM) (spectrum 1) was reduced with sodium dithionite (2 mM) (spectrum 2) or 
reoxidized with potassium ferricyanide (2 mM) (spectrum 3). (D) The helicase activity of the 
reduced or oxidized DinG. Purified DinG (100 nM) was either reduced with sodium dithionite or 
reoxidized with potassium ferricyanide before the radioactive-labeled DNA substrate was added 
to the reaction mixtures. After the incubation at 30 °C for 5 min, the reaction was terminated and 
the product was separated by agarose gel electrophoresis as described in Methods and Materials. 
Lane H, the heated sample; lane 0, no DinG added; lane 1, DinG; lane 2, reduced DinG by 
dithionite (1 mM); lane 3, reduced DinG reoxidized by ferricyanide (2 mM).   
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(McDevitt et al., 2002).  The relatively small Δg could reflect the unique property of the [4Fe-
4S] cluster in DinG.  The rhombic EPR signal was completely eliminated when dithionite-
reduced DinG was reoxidized by exposure to air or by addition of potassium ferricyanide 
(spectrum 3). Thus, the EPR results further confirmed that the DinG [4Fe-4S] can be reversibly 
reduced by sodium dithionite. On the other hand, the addition of the oxidant potassium 
ferricyanide didn’t show any additional EPR signal, suggesting that the DinG [4Fe-4S] cluster is 
resistant to oxidation. 
     Because the crystal structure of XPD shows that the [4Fe-4S] cluster is located at the vicinity 
of the DNA-binding site with the protein (Liu et al., 2008, Fan et al., 2008, Wolski et al., 2008), 
we proposed that the redox state of the iron-sulfur cluster in DinG may be related to the helicase 
activity. To test the idea, we compared the helicase activity of reduced and reoxidized DinG. Fig. 
3.3D shows that the helicase activity of DinG was greatly diminished when the iron-sulfur 
cluster was reduced by dithionite and largely restored when the reduced iron-sulfur cluster was 
reoxidized. Therefore, the reduction of the iron-sulfur cluster in DinG can reversely switch off 
the helicase activity at least in vitro. 
Iron-Sulfur Cluster in DinG Is Resistant to Hydrogen Peroxide 
     As a DNA damage-inducible protein, it is conceivable that DinG containing a [4Fe-4S] 
cluster should not be susceptible to the oxidative stress.  To explore the stability of the DinG 
[4Fe-4S] cluster in presence of the reactive oxygen species, we incubated purified DinG with 
100-fold excess of H2O2 at 25 °C for 30 min and found that the absorption peak at 403 nm of the 
DinG [4Fe-4S] cluster (Fig. 3.4A) and the helicase activity (Fig. 3.4C) remained essentially 
unchanged during the incubation. In contrast, when the purified E. coli dihydroxyacid 
dehydratase [4Fe-4S] cluster (Flint et al., 1993a) was incubated with 50-fold excess of H2O2 at 




Fig. 3.4 The iron-sulfur cluster of DinG is resistant to hydrogen peroxide. (A) UV-visible spectra 
of DinG in presence of hydrogen peroxide. Purified DinG (10 µM) was incubated with 1 mM 
hydrogen peroxide at 25 °C. The UV-visible spectra were taken every 5 min. (B) UV-visible 
spectra of IlvD in presence of hydrogen peroxide. Purified IlvD (20 µM) was incubated with 1 
mM hydrogen peroxide at 25 °C. The UV-visible spectra were taken every 5 min. (C) The 
helicase activity of DinG in presence of hydrogen peroxide. After the incubation with H2O2 for 
the indicated time, DinG (100 nM) was used for the helicase activity. Lane H, heated DNA 
substrate; lane 0, no enzyme added; lanes 1-5, DinG after incubation with H2O2 for 0, 5, 10, 20 
and 30 min, respectively. (D) The IlvD activity in presence of hydrogen peroxide. The enzyme 
activity of IlvD after incubation with H2O2 (1 mM) was monitored as described in Methods and 




enzyme activity (Fig. 3.4D) were abolished as reported previously (Flint et al., 1993b). Thus, 
unlike the dihydroxyacid dehydratase [4Fe-4S] cluster, the DinG [4Fe-4S] cluster is stable, 
suggesting that DinG is fully functional when it is exposed to the oxidative stress such as 
hydrogen peroxide.  
Iron-Sulfur Cluster in DinG Can Be Modified by NO  
     It is reported that nitric oxide plays an important role as a signaling molecule in neuronal and 
cardiovascular systems (Ignarro, 1999) as well as a powerful weapon to kill pathogenic bacteria 
and tumor cells (Gobert et al., 2001, MacMicking et al., 1997a, Krieglstein et al., 2001b, 
Krieglstein et al., 2001a). Chronic exposure to NO has also been attributed to the initiation of the 
carcinogenic process and genomic instability (Gal & Wogan, 1996, Li et al., 2002). Among the 
cellular components, iron-sulfur proteins are vulnerable to NO (Ren et al., 2008, Spiro, 2007). In 
vitro and in vivo studies have shown that NO can modify iron-sulfur clusters in proteins, forming 
the protein-bound DNICs (Rogers et al., 2003, Ren et al., 2008, Kennedy et al., 1997, Drapier, 
1997, Foster & Cowan, 1999, Ding & Demple, 2000, Cruz-Ramos et al., 2002). Here, we 
monitored both the NO modification on the DinG [4Fe-4S] cluster and the helicase activity of 
NO-modified DinG in vitro and in vivo.  
     As for the NO modification in vitro, the purified DinG was exposed to the NO-releasing 
reagent diethylamine NONOate under anaerobic conditions. Fig. 3.5A shows that the formation 
of DinG-bound DNICs was gradually increased in a proportion to the increased amount of 
diethylamine NONOate (0-500 µM). At the same time, the helicase activity of DinG was 
gradually decreased by NO exposure (Fig. 3.5B). Therefore, NO can effectively modify the 
DinG [4Fe-4S] cluster in vitro and inactivate the helicase activity. To further test the sensitivity 
of the [4Fe-4S] cluster in DinG to NO in vivo, the E. coli cells containing recombinant DinG 




Fig. 3.5 NO modifications on the DinG [4Fe-4S] cluster in vitro and in vivo. (A) EPR signals of 
NO modifications in vitro. Purified DinG (30 µM) was incubated with different amounts of 
diethylamine NONOate in buffer containing Tris (20 mM, pH 7.5) and NaCl (200 mM) at room 
temperature under anaerobic conditions. After the incubation for 20 min, the proteins samples 
were re-purified through a HiTrap desalting column. Spectra 1-5, purified DinG incubated with 
0, 50, 100, 200 and 500 µM NONOate. (B) Inactivation of DinG helicase activities by NO in 
vitro. After incubation with different amounts of NONOate, the re-purified DinG (at a final 
concentration of 100 nM) was used for the helicase assay. Lane H, heated sample; lane 0, no 
enzyme added; lane 1-5, re-purified DinG after incubation with 0, 50, 100, 200 and 500 µM 
NONOate. The reaction product was separated by agarose gel (1 %) electrophoresis as described 
in Methods and Materials. (C) EPR signals of NO modifications in vivo. The E. coli cells 
containing recombinant DinG were exposed to NO gas by Silastic tubing delivery system with 
different NO-exposed time points. Then the recombinant DinG was purified from the NO-
exposed cells through Ni-agrose column and HiTrap desalting column as described in the 
Methods and Materials. Spectra 1-5, purified DinG from the NO-exposed cells with 0, 1, 2, 4, 10 
min exposure time points. (D) Inactivation of DinG helicase activities by NO in vivo. Lane H, 
heated sample; lane 0, no enzyme added; lane 1-5, purified DinG from the NO-exposed cells 
with 0, 1, 2, 4, 10 min exposure time points. 
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described in the Methods and Materials. This NO delivery system allows NO to flow at a rate of 
100 nM per second which emulates the physiological NO production in activated macrophages 
(Gobert et al., 2001) or activated polymorphonuclear leukocytes (Krieglstein et al., 2001b). Then 
recombinant DinG was purified from the NO-exposed cells with different NO exposure time 
points. EPR measurements of the purified DinG showed that the DinG-bound DNIC was 
increased as the longer NO exposure time increased (Fig. 3.5C). About 4 min NO exposure was 
sufficient to completely modify the DinG [4Fe-4S] cluster in the E. coli cells containing 
recombinant DinG. Fig. 3.5D showed the inactivation of helicase activity of DinG as a function 
of NO-exposed time in vivo. Clearly, in vivo results further confirmed that the NO modification 
of the DinG [4Fe-4S] cluster inactivates its helicase activity in E. coli cells.  
     To test if the re-assembly of the iron-sulfur cluster in NO-modified DinG can reactivate the 
helicase activity, we incubated the NO-modified DinG with the iron-sulfur cluster repair system 
including L-cysteine, cysteine desulfurase IscS, ferrous iron, and dithiothreitol in vitro as 
described previously (Rogers et al., 2003). The UV-visible spectra in Fig. 3.6A showed that the 
absorbance peak of the DinG iron-sulfur cluster at 403 nm was abolished by NO exposure 
(spectrum 2) and reappeared by reassembly of the iron-sulfur cluster (spectrum 3). The EPR 
measurements in Fig. 3.6B confirmed that the EPR signal at g = 2.04 was only present in the 
NO-modified DinG (spectrum 2), but not at the wild-type DinG control (spectrum1) or repaired 
DinG (spectrum 3). Fig. 3.6C further showed that the inactivated helicase activity can be 
recovered by reassembly of new iron-sulfur cluster. Therefore, the iron-sulfur cluster in DinG, 
same as the other iron-sulfur proteins, could be the primary target of NO cytotoxicity. 
Discussion 
     In this study, we have showed the E. coli DinG helicase contains a redox-active [4Fe-4S] 




Fig. 3.6 Reactivation of NO-modified DinG by reassembly of iron-sulfur clusters. Purified DinG 
(30 µM) was exposed to NO (0.5 mM NONOate) under anaerobic conditions, followed by repair 
using the iron-sulfur cluster repair system as described in Methods and Materials. (A) UV-visible 
absorption spectra of DinG. Spectrum 1, purified DinG before NO exposure (DinG); spectrum 2, 
purified DinG after NO exposure (DinG-NO); spectrum 3, NO-exposed DinG repaired by the 
iron-sulfur repair system (DinG-NO repaired). The protein concentrations of DinG were ~ 5 µM. 
(B) EPR spectra of DinG. 1, purified DinG before NO exposure (DinG); spectrum 2, purified 
DinG after NO exposure (DinG-NO); spectrum 3, NO-exposed DinG repaired by the iron-sulfur 
repair system (DinG-NO repaired). The protein concentrations of DinG were ~ 5 µM. mT, 
milliteslas. (C) helicase activities of DinG. Two concentrations of DinG (50 nM and 100 nM) 
were used for the helicase activity assay. Lane H, heated sample; lane 0, no enzyme added.  
 
[4Fe-4S] cluster can reversibly switch off the helicase activity of DinG. Unlike the IlvD [4Fe-4S] 
cluster, the iron-sulfur cluster in DinG is resistant to oxygen and hydrogen peroxide, which 
implies that DinG remains active even under oxidative stress.  However, DinG can be modified 
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by NO, forming the DinG-bound DNICs with the concomitant inactivation of helicase activity in 
vitro and in vivo. The reassembly of iron-sulfur clusters in the NO-modified DinG can fully re-
activate its helicase activity. Take together, DinG helicase activity can be modulated by 
intracellular redox potential and by NO via its iron-sulfur cluster.  
     There is a large number of iron-sulfur proteins reported to be associated with DNA or RNA 
interactions in the past decade. Generally these iron-sulfur proteins can be divided to two groups 
based on their functions. The first group refers to the iron-sulfur proteins acting as the 
transcription or translation regulators. Some examples are the redox transcription factor SoxR 
[2Fe-2S] cluster (Ding & Demple, 1997, Gaudu & Weiss, 1996), the anaerobic growth factor 
FNR (fumarate and nitrate reductase regulator) [4Fe-4S] cluster (Mettert & Kiley, 2007), the 
repressor IscR [2Fe-2S] cluster that regulates iron-sulfur cluster biosynthesis (Schwartz et al., 
2001), and the IPR-1 (iron regulatory protein-1) [4Fe-4S] cluster that controls the post-
translational control of intracellular iron contents in mammalian cells (Paraskeva & Hentze, 
1996, Zecca et al., 2004). In this group of proteins, iron-sulfur clusters act as sensors of specific 
signals and modulate the interactions between the protein and DNA or RNA. The second group 
includes the iron-sulfur enzymes that directly modify DNA or RNA molecules. The ribosomal 
RNA methyltransferase (the RumA [4Fe-4S] cluster) (Agarwalla et al., 2004) and the 
bifunctional radical S-adenosylmethionine enzyme MiaB [4Fe-4S] cluster (Hernandez et al., 
2007) are the recently found RNA-modifying enzymes. More recently, the p58 subunit of human 
DNA primase has been shown to contain a [4Fe-4S] cluster (Weiner et al., 2007, Klinge et al., 
2007). The iron-sulfur enzymes interacting with DNA are mostly involved in DNA repair 
processes such as the E. coli endonuclease III [4Fe-4S] cluster (Rogers et al., 2003), the family 4 
uracil-DNA glycosylase [4Fe-4S] cluster (Hinks et al., 2002), the human helicase XPD [4Fe-4S] 
cluster (Liu et al., 2008, Fan et al., 2008, Wolski et al., 2008) and the E. coli helicase DinG [4Fe-
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4S] cluster in this study. The function of iron-sulfur clusters in some of these proteins remains 
unclear. Nevertheless, the mutations that disrupt the stability of the iron-sulfur cluster have been 
shown to associate with some human diseases (Lehmann, 2001). In this study, we explored the 
functional role of the iron-sulfur cluster in DinG helicase.  We have demonstrated that the [4Fe-
4S] cluster in DinG is redox-active with a midpoint redox potential of -390 ± 23 mV (pH 8.0) 
and that the reduction of the iron-sulfur cluster can modulate its helicase activity (Fig. 3.3). We 
hypothesize that the reduction of the [4Fe-4S] cluster in DinG, similar to that of the [2Fe-2S] 
cluster in transcription factor SoxR (Ding et al., 1996), can modulate the overall structure of the 
catalytic center and inactivate its helicase activity. It should be pointed out that DinG homologs 
in some other bacteria do not have the conserved cysteine residues and thus no iron-sulfur 
clusters (Liu et al., 2008). It is likely that there are other mechanisms to regulate the activity of 
these helicases in bacteria. 
     The observed midpoint redox potential of the DinG [4Fe-4S] cluster (-390 ± 23 mV, pH 8.0) 
(Fig. 3.3) is close to that of the intracellular redox potential in E. coli (Ding et al., 1996). 
However, the trial of the redox state of the DinG [4Fe-4S] cluster in E. coli cells by EPR 
measurements didn’t show any EPR signal, which may be due to the insufficient amount of 
recombinant DinG expressed in E. coli cells. Based on the intracellular redox potential in E. coli, 
we proposed that the DinG [4Fe-4S] cluster may be partially oxidized in E. coli cells under 
normal growth conditions. When cells are subjected to oxidative stresses, the reduced [4Fe-4S] 
cluster is oxidized, and DinG is active to unwind the inflicted DNA damage and resume in DNA 
repair system. It has been reported that DNA binding shifts the Em of the endonuclease III [4Fe-
4S] cluster toward oxidation, converting the redox-inactive endonuclease III [4Fe-4S] cluster to a 
typical high-potential [4Fe-4S] protein (Boal et al., 2005). Here, we have found that unlike the 
endonuclease III [4Fe-4S] cluster, the DinG [4Fe-4S] cluster is redox-active even without any 
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DNA binding (Fig. 3.3). Whether DNA binding will change the redox property of the DinG 
[4Fe-4S] cluster remains to be investigated.  
     NO acts as a signal molecule in neuronal and cardiovascular systems (Ignarro, 1999) as well 
as functions as an immune weapon to kill the invasion of pathogenic bacteria and tumor cells in 
infection or inflammation (Gobert et al., 2001, MacMicking et al., 1997a). In some studies, 
chronic NO exposure has also been shown to be related to the carcinogenic process and genomic 
instability (Gal & Wogan, 1996, Li et al., 2002). However, the etiology of NO cytotoxicity has 
not been well understood. Here, we demonstrated that the NO modification of the DinG [4Fe-4S] 
cluster can form the DinG-DNICs with concomitant inactivation of its helicase activity in vitro 
and in vivo. It is plausible that chronic NO exposure inactivates the iron-sulfur enzymes such as 
DinG/ XPD involved in DNA repair system and contribute to the initiation of the carcinogenic 
process and genomic instability (Gal & Wogan, 1996, Li et al., 2002). 
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SITE-DIRECTED MUTAGENESIS: ROLE OF 


























     DNA is one of the major cellular targets of various reactive oxygen species under oxidative 
stress, which is an unavoidable consequence of aerobic respiration(Cadet et al., 2000). Oxygen 
free radicals can induce mutations in the genome by oxidizing bases to produce thymine glycols 
and 5’-hydroxypyrimidines (Lindahl, 1993). To deal with the detrimental outcome of oxidized 
DNA bases, most of aerobic organisms have evolved some mechanisms to repair DNA damage. 
Base excision repair (BER) is one of the important mechanisms which will remove the damaged 
bases (Demple & Harrison, 1994). Among the DNA repair enzymes in BER, endonuclease III 
catalyzes the excision of a damaged base from DNA backbond via its glycosylase activity and 
also performs apurinic/apyrimindinic (AP) lyase activity for β-elimination of the 3’-phosphate at 
the resulted AP site of the excised damaged base in DNA (Breimer & Lindahl, 1984, Bailly & 
Verly, 1987, Kow & Wallace, 1987). The nicked DNA strand can be extended and sealed by 
DNA polymerase I and DNA ligase (Breimer & Lindahl, 1984, Bailly & Verly, 1987, Kow & 
Wallace, 1987). 
     Endonuclease III contains a single [4Fe-4S] cluster and is found in E. coli, yeast, plant, mice 
and human (Cunningham et al., 1989, Aspinwall et al., 1997, You et al., 1998, Sarker et al., 
1998, Roldan-Arjona et al., 2000). The conserved pattern of the [4Fe-4S] in all those 
endonuclease III indicates that the [4Fe-4S] cluster must be involved in some important 
functional roles. However, analysis from the 3D structure of E. coli endonuclease III (Nth) 
showed that the [4Fe-4S] cluster is not directly involved in the binding of DNA molecules (Kuo 
et al., 1992b, Thayer et al., 1995). It appears that the [4Fe-4S] cluster positions specific amino 
acid residues in the catalytic center of the enzyme (Thayer et al., 1995). Thus, the specific 
function of the [4Fe-4S] cluster in endonuclease III remains elusive. 
     Unlike some other [4Fe-4S] clusters, the endonuclease III [4Fe-4S] cluster is not redox active. 
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The addition of sodium dithionite cannot reduce the endonuclease III [4Fe-4S] cluster, which 
suggests that the redox midpoint potential (Em) is extremely low (Cunningham et al., 1989). Also 
the [4Fe-4S] cluster in this enzyme is stable and resistant to oxygen except that small fractions 
(less than 25%) of the endonuclease III [4Fe-4S] clusters are converted to the [3Fe-4S] cluster 
when the protein is exposed to a strong oxidant, ferricyanide (Cunningham et al., 1989). Thus, 
the [4Fe-4S] cluster in this enzyme is assumed to contribute to the protein stability instead of 
functioning as a catalytic cofactor (Thayer et al., 1995). On the other hand, nitric oxide (NO) as a 
physiological free radical is found to modify the iron-sulfur cluster in the E. coli endonuclease III 
and helicase DinG and consequently inactivate the enzyme activities (Rogers et al., 2003, Ren et 
al., 2009), indicating that the damage on the [4Fe-4S] cluster of the enzyme can affect the 
catalytic activity. Since the crystal structure of E. coli endonuclease III showed that the [4Fe-4S] 
cluster is bound with four cysteine residues at the C terminal loop (Kuo et al., 1992b, Thayer et 
al., 1995), it would be interesting to examine if the mutation on the conserved cysteine residues 
can affect the catalytic activity of this enzyme.  
     In this study, we demonstrated that the full enzyme activity of endonuclease III requires four 
conserved cysteine residues. Both the UV-visible absorption spectra and the content analysis of 
iron and sulfide showed that the mutants with cysteine replaced with serine lose their iron-sulfur 
clusters in the absence of any one of the conserved cysteine residues. The enzyme activity assay 
indicated that apo-form of endonuclease III has about one-tenth activity of the [4Fe-4S] cluster-
containing endonuclease III and that showed that the kinetics of apo-form endonuclease III is 
much slower than that of the 4Fe-4S] cluster-containing endonuclease III. The results suggest 





Methods and Materials 
Site-Directed Mutagenesis 
     E. coli endonuclease III (nth) gene was cloned into pET28b+ to produce pTNth (Rogers et al., 
2003). Sited-mutagenesis was executed by QuickChange Kit (Stratagene). The primers for 
Mutant 1 (C93S) are 5’-ATCAAAACCAGCCGTATCTT-3’ and 5’-
AAGATACGGCTGGTTTTGAT-3’; the primers for Mutant 2 (C187S) are 5’-
CGTTATACCAGCATTGCCCG-3’ and 5’-CGGGCAATGCTGGTATAACG-3’; the primers 
for Mutant 3 (C194S) are 5’-AAGCCCCGCAGTGGCTCTTG-3’ and 5’-
CAAGAGCCACTGCGGGGCTT-3’; the primers for Mutant 4 (C197S) are 5’-
TGTGGCTCTAGTATTATTGA-3’ and 5’-TCAATAATACTAGAGCCACA-3’; the primers for 
Mutant 5 (C203S) are 5’-GAAGATCTTAGTGAATACAA-3’ and 5’-
TTGTATTCACTAAGATCTTC-3’. The recombinant Nth and its four mutants were 
overproduced in E. coli BL-21 strains.  
Protein Expression and Purification 
     E. coli strains containing wild-type or mutant endonuclease III were inoculated into LB 
culture at 37°C overnight and then incubated in a 10-fold growth volume till OD600~1.0. Then 
the proteins were induced with 0.2 mM isopropyl -D-thiogalactoside (IPTG) and harvested 2 
hours after induction. The cells were centrifuged and re-suspended in desalting buffer (20 mM 
Tris pH 8.0, 0.5 M NaCl). The cell extracts were lysed by using a SIM-Aminco French Pressure 
Cell (Spectronic Instruments, Inc., Rochester, N.Y.) at 1,000 psi and centrifuged by Sorvall RC-
5B refrigerated superspeed centrifuge (Du Pont Instruments). The cell extracts were loaded into 
Ni-Agarose (Qiagen) column and Resource S column (Pharmacia Biotech) attached with a FPLC 
system (Amersham Biosciences). The proteins were eluted by using a buffer containing Tris (20 
mM, PH 8.0) and a linear gradient of NaCl (0 to 1.0 M). 
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Determination of Protein Concentration 
     The purified proteins were measured by UV-Visible spectrophotometer (Beckman Coulter 
DU640), then the protein concentrations were calculated based on absorption peak at 280nm 
based on an extinction coefficient of 18.6 mM-1cm-1. The purity of proteins was observed by 
running a 15% SDS-PAGE gel. 
Measurement of Fe Content 
     Protein samples were incubated with 0.5 mM ferrozine and 1 mM cysteine at 80°C for10 min 
and leaved at room temperature for 1 hour. The concentrations of Fe in protein samples were 
measured from the UV-Vis absorption peak at 564 nm (Beckman Coulter DU640) (Cowart et al., 
1993). The relative Fe content was calculated by the ratio between Fe concentration and protein 
concentration for each protein.  
Nitric Oxide Exposure of the Endonuclease III [4Fe-4S] in vitro 
     Purified Nth in desalting buffer (20 mM Tris pH 8.0, 0.5 M NaCl) was exposed to the Silastic 
tubing NO delivery system as decribed  previously (Ren et al., 2008). Then the NO-exposed Nth 
protein was repurified by a HiTrap desalting column (Amersham Pharmacia). The apo-Nth was 
obtained from the incubation of NO-exposed Nth and L-cysteine (1 mM) at 37°C for 30 min, 
followed by repurification by a HiTrap desalting column and concentrated by the 
microconcentrator (Millipore Co.). 
Enzymatic Assay of Endonuclease III 
     The enzyme activity of Nth was assayed by using a fluorescent-labeled DNA duplex as 
described previously (Rogers et al., 2003).  The DNA duplex was made of one fluorescent-
labeled oligo-nucleotide AATTGCGATCTAGCTCGCCAGUAGCGACCTTATCTGATG and 
the other oligo-nucleotide TCATCAGATAAGGTCGCTGCTGGCGAGCTAGATCGCAATT 
(Operon Technologies Inc.). The fluorescent-labeled oligo-nucleotide contained a 
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hydroxyuridine. The DNA duplex was prepared by annealing two strands of oligo-nucleotides at 
90°C for 10 min and purified by non-SDS PAGE gel (10% Protogel). The DNA duplex (6.4 
pmoles) was incubated with Nth proteins in the reaction buffer (20 mM Tris (PH7.6), 50 mM 
NaCl, 1 mM EDTA, 0.01%BSA (100 ng/ml)) at 37°C for 20 min. Reactions were terminated by 
addition of a loading buffer containing formamide/bromophenol blue. The incised product was 
separated on a 12% urea-polyacrylamide electrophoresis gel (National Diagnostics Co.). The 
fluorescent picture of electrophoresis gel was taken by Gel Logic 2000 imaging system (Kodak). 
The intensity of each fluorescent band was measured by Image J (NIH) analysis. 
Results   
Site-Directed Mutagenesis Causes E. coli Endonuclease III to Lose Its [4Fe-4S] Cluster 
     There are seven cysteine residues in the amino acid sequence of E. coli endonuclease III and 
only four of them at the C terminal loop binding the [4Fe-4S] cluster based on the crystal 
structure (Kuo et al., 1992b, Thayer et al., 1995). To test if the mutation on any of the four 
conserved cysteine residues could impair the binding affinity of the iron-sulfur cluster in 
endonuclease III, we mutated each of the four cysteine residues (C187S, C194S, C199S and 
C203S) as well as one cysteine residue (C93S) not in the conserved motif as positive control to 
serine by site-directed mutagenesis. The pure endonuclease III and five mutant proteins were 
purified by Ni-agarose column and resource S column and then subjected to the SDS-PAGE gel 
(Fig. 4.1A). The clear bands suggested the high purity of each protein.  
     It has been reported that purified endonuclease III has a typical UV-Vis absorption spectrum 
of an oxidized [4Fe-4S] cluster with a specific absorption peak at 419 nm (Cunningham et al., 
1989, Aspinwall et al., 1997). However, compared with the wild-type endonuclease III, the 
mutant proteins C187S, C194S, C197S, C203S, in the same concentration didn’t present any 




Fig. 4.1 E. coli endonuclease III wild type and its four mutants. (A) SDS-PAGE gel of mutant 
proteins. Both wild type and mutant proteins were induced by IPTG and purified by Ni-agarose 
column and resource S column. Proteins were separated by 15% SDS-PAGE gel. Each well was 
loaded with 10 μl of each protein sample (10 μM) in the order of Nth wild type (lane C), C93S 
(lane 1), C187S (lane 2), C194S (lane 3), C199S (lane 4) and C203S (lane 5). (B)  UV-Vis 
absorption spectra of mutant proteins. Each protein sample was diluted with desalting buffer (20 
mM Tris, 0.5 M NaCl) into the same concentration (10 μM) based on the absorption peak at 
280nm. The spectrum of each protein sample was shown in the order of Nth wild type, C93S, 
C187S, C194S, C199S, C203S and apo-Nth. (C) Fe contents of mutant proteins. Each pure 
protein sample was incubated with 0.5 mM ferrozine and 1 mM cysteine at 80°C for 10 min and 
kept at room temperature for 1 hour. The concentrations of Fe in protein samples were measured 
from the UV-Vis absorption peak at 564 nm. The relative Fe content was calculated by the ratio 
between Fe concentration and protein concentration for each protein. Each value of Fe content 
represents the mean ± S. D. of three experiments. M1 (C93S), M2 (C187S), M3 (C194S), M4 




the same absorption peak at 419 nm as wild type did. The apoform of endonuclease III purified 
as described previously also does not contain the iron-sulfur cluster and thus showed no 
absorbance peak at 419 nm as well as the four mutants. Therefore, the absence of UV-Vis 
absorption peak at 419 nm in protein C187S, C194S, C197S, C203S, indicated that the 
mutagenesis on four conserved cysteine residues can cause E. coli endonuclease III to lose its 
iron-sulfur cluster. On the other hand, Cysteine 93 not in the conserved motif of E. coli 
endonuclease III doesn’t contribute to the binding of the iron-sulfur cluster.  
     Moreover, the Fe analysis performed by ferrozine demonstrated that mutant proteins C187S, 
C194S, C197S, C203S, contained iron by 9-fold less than the wide type endonuclease III while 
control mutant protein C93S had similar Fe content as the wild type (Fig. 4.1C). Apo-Nth, as a 
control removed its Fe-S cluster by L-cysteine after NO modification, presented Fe content as 
low as these four mutant proteins. The small amount of iron contents in the four mutants may be 
due to the weak binding of free intracellular iron instead of iron-sulfur clusters. The low Fe 
content in the four mutant proteins was confirmed with ICP-AES analysis (data not shown). 
Again, the low Fe content could be resulted from the absence of iron-sulfur cluster in the four 
mutants, further proving that the mutagenesis on C187S, C194S, C197S, C203S, can cause 
endonuclease III to lose its iron-sulfur cluster. 
The Abolishment of the Iron-Sulfur Cluster in Endonuclease III Impaires Its Enzyme 
Activity 
 
     The analysis of the structure of E. coli endonuclease III (Nth) showed that the [4Fe-4S] 
cluster is not directly involved in the binding of DNA molecules (Kuo et al., 1992b, Thayer et 
al., 1995). The real function of the [4Fe-4S] cluster in endonuclease III is not clear. It would be 
of interest to explore whether the abolishment of the iron-sulfur cluster affects its enzyme 
activity. Thus, we tested all the mutants and apoform protein of Nth for their enzyme activities. 
Fig. 4.2 indicated that when all the proteins samples were incubated with the reactions in the 
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same concentrations (0.5 μM), only the wild-type and C93S proteins were fully active while the 
four mutants proteins and apoform Nth barely showed any endonuclease activity, implying that 
the abolishment of [4Fe-4S] cluster in endonuclease III can impair its enzyme activity. 
 
Fig. 4.2 The enzymatic assay of endonuclease III and its mutant proteins. The same amounts of 
pure endonuclease III and its mutant proteins (0.5 μM) were incubated with a fluorescent-labeled 
hydroxyuridine-containing oligonucleotide at 37°C for 30 min. The products were separated on a 
12% urea-polyacrylamide electrophoresis gel. Lane 1, control, no endonuclease III added. Lane 
2, wild-type endonuclease III.  Lane 3-7, M1 (C93S), M2 (C187S), M3 (C194S), M4 (C199S), 
and M5 (C203S). Lane 8, apo-Nth. 
 
Titration of Endonuclease III and the Mutants  
     The enzymatic assays were also performed by titration of endonuclease III and its mutants in 
different concentrations of 0.1 μM, 0.5 μM, 1.0 μM, 1.5 μM, 2.0 μM, 2.5 μM and 3.0 μM. Fig. 
4.3 showed the relative activities of the endonuclease III and its mutant proteins of different 
concentrations. The data were quantified by ImageJ analysis based on the intensities of 
fluorescent-labeled products, and shown in Fig. 4.3B. The relative activities of enzymes were 
calculated from the intensity ratio of products to substrates. As for wide-type protein and control 
mutant protein C93S, there was not much difference. Both of proteins have almost saturated 
enzymatic activities at 0.5 μM under the experimental conditions. However, C194S, C197S, 
C203S, only had less than 5% activities, and C187S had 10% activity. Inactivation of these 
mutants could result from the abolishment of iron-sulfur clusters in endonuclease III.  However, 
the enzyme activities were increased along with the increased concentration of mutant proteins. 




Fig. 4.3 Titration of the endonuclease III activity. (A) Enzyme activity assays of endonuclease III 
and its mutant proteins. Proteins in different concentrations were incubated with a fluorescent-
labeled hydroxyuridine-containing oligonucleotide at 37°C for 30 min. The incised product was 
separated on a 12% urea-polyacrylamide electrophoresis gel. Lane C, control, no enzyme added. 
Lane 1-7, enzyme added in different concentrations of 0.1 μM, 0.5 μM, 1.0 μM, 2.0 μM, 5.0 μM, 
8.0 μM and 10.0 μM. (B) Relative activities of the endonuclease III and its mutant proteins for 
titration.  The intensities of fluorescent-labeled products were quantified by ImageJ analysis. The 
relative activities of enzymes were calculated from the intensity ratio of products to substrates. 
The data was obtained from one of the most three representative experiments. 
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obtain 100% activity as the wild-type Nth, the mutant protein C187S, C194S, C197S, C203S, 
will need at least 10-fold concentration over the wild-type endonuclease III, which may not be 
present in normal cellular condition. 
Kinetics of Enzymatic Reactions of Endonuclease III and the Mutants  
     As shown in Fig. 4.4, the activities in the same enzyme concentration of 0.5 μM were 
increased as a function of incubation time. The wild-type endonuclease III and the control 
mutant C93S had sufficient concentrations to execute the activities only in 5 minutes.  However, 
these four mutant proteins have much slower kinetics compared with the wild-type (Fig. 4.4). 
The dramatic difference of activities between the wild type and the mutant proteins implies that 
the reaction rate of the endonuclease III activity could be limited by these mutations. Therefore, 
the abolishment of the iron-sulfur cluster in endonuclease III leads to a slower kinetics, which 
suggests that the iron-sulfur cluster in E. coli endonuclease III may be involved in regulating the 
catalytic reaction of the enzyme. 
Discussion 
     It has been reported that E. coli endonuclease III contains a [4Fe-4S] cluster, which is stable 
and resistant to oxygen (Cunningham et al., 1989) but can be modified by nitric oxide (Rogers et 
al., 2003). Even though the crystal structure of endonuclease III suggests that the [4Fe-4S] 
cluster is not directly involved in the DNA substrate binding (Kuo et al., 1992b, Thayer et al., 
1995), the NO modification on the [4Fe-4S] cluster in endonuclease III can diminish its enzyme 
activity (Rogers et al., 2003), implying that the [4Fe-4S] cluster in endonuclease III could play a 
crucial role in the catalytic function of the enzyme. In this study, we used site-direct mutagenesis 
to mutate four conserved cysteine residues to serine, which caused the endonuclease III to lose 
its [4Fe-4S] cluster as indicated by the absence of the typical absorption peak at 419 nm and the 




Fig. 4.4 Catalytic kinetics of endonuclease III. (A) Enzyme activity assay of endonuclease III 
and its mutant proteins. Proteins in the same concentration (0.5 μM) were incubated with a 
fluorescent-labeled hydroxyuridine-containing oligonucleotide at 37°C for different time with 
the order of 0min (lane 1), 5min (lane 2), 10min (lane 3), 20min (lane 4), 30min (lane 5), 60min 
(lane 6) and 90min (lane7). Then enzymatic reactions were stopped by heating at 80°C with the 
stop solution (bromophenol blue 0.1%, 10mM EDTA, formamide) for 10min.  The incised 
product was separated on a 12% urea-polyacrylamide electrophoresis gel. Lane C, control, no 
endonuclease III added. Lane C, control, no enzyme added. Lane 1-7, enzyme incubated for 
different time points of 0min, 5min, 10min, 20min, 30min, 60min and 90min. (B) Relative 
activities of the endonuclease III and its mutant proteins for kinetics.  The relative activities of 




endonuclease III showed that the catalytic activity is impaired in each of the four mutants (Fig. 
4.2). However, when a higher concentration of mutant proteins was present in the enzyme 
reactions, the enzyme activity of mutant proteins could be increased (Fig. 4.3). Based on the 
titration experiment (Fig. 4.3), at least 10-fold excess of the enzyme could be able to completely 
restore its activity, which is not available under normal cellular conditions. On the other hand, 
the kinetics of the enzyme assay showed that the longer incubation of the reaction is required for 
increasing the enzyme activity in the mutant proteins (Fig. 4.4). The 5 min incubation of wild 
type endonuclease III almost has the same activity as the 90 min incubation of mutant proteins 
(Fig. 4.4). This result indicates that the endonuclease III activity could be time-dependent and 
that the four mutant proteins may have slower catalytic kinetics. Taken together, the abolishment 
of the [4Fe-4S] cluster in endonuclease III caused by mutagenesis of the four conserved cysteine 
residues can diminish the endonuclease III activity, which is consistent with the impaired activity 
resulted from the NO damage of the iron-sulfur cluster of endonuclease III (Rogers et al., 2003). 
Thus, the [4Fe-4S] cluster in endonuclease III may have an essential role for its enzyme activity.  
     It is possible that the absence of the iron-sulfur cluster in endonuclease III could dramatically 
change the protein structure, leading to impaired enzyme activity. However, the previous study 
reported that the refolded DNA glycosylase MutY without or with its [4Fe-4S] cluster displays a 
similar circular dichroism (CD) spectrum, but only MutY with the [4Fe-4S] cluster shows the 
DNA glycosylase activity (Porello et al., 1998). Similarly, the circular dichroism (CD) spectrum 
showed that the secondary structure of NO-damaged endonuclease III was unchanged compared 
with that of the wild type endonuclease III (Rogers et al., 2003).  Since the [4Fe-4S] cluster 
positions specific amino acid residues in the catalytic center of the enzyme (Thayer et al., 1995),  
it is possible that the absence of the iron-sulfur cluster in endonuclease III subtly distorts the 
catalytic center, thus modulating the enzyme activity.  
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     There are several other iron-sulfur enzymes in DNA repair pathway such as the family 4 
uracil-DNA glycosylase [4Fe-4S] cluster (Hinks et al., 2002), the human helicase XPD [4Fe-4S] 
cluster (Liu et al., 2008, Fan et al., 2008, Wolski et al., 2008), the E. coli helicase DinG [4Fe-4S] 
cluster. More recently, it was found that the mutations or pathogenic conditions such as NO 
cytotoxicity that disrupt the stability of the iron-sulfur cluster are associated with several human 
diseases (Lehmann, 2001, Rouault & Tong, 2008). The instability of the iron-sulfur clusters in 
these DNA repair enzymes may damage their enzyme activities, causing the failure of DNA 
repair and further contribute to the initiation of the carcinogenic process and genomic instability 
(Gal & Wogan, 1996, Li et al., 2002). 
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     As a physiological free radical, NO functions as a regulatory mediator in the signaling process 
at low concentrations. At high concentrations, NO performs the cytotoxic activity against the 
pathogenic bacteria by damaging cellular targets. This study has focused on the NO cytotoxicity 
using E. coli as a model system.  
NO-Induced Bacteriostasis and Dihydroxyacid Dehydratase (IlvD) 
     Although the NO cytotoxicity has been well documented in bacteria and mammalian cells 
(Krieglstein et al., 2001b, MacMicking et al., 1997a), the underlying mechanism is still not fully 
understood.  The direct interaction of NO with protein metal centers could affect the diverse 
cellular functions in vivo, which are one of the most effective mechanisms to kill pathogens. 
Iron-sulfur clusters as one of ubiquitous metal centers are primary targets of NO cytoxicity 
(Spiro, 2007). The proteins containing iron-sulfur clusters are involved in many fundamental 
biological processes including energy metabolism, cellular iron homeostasis, amino acids 
biosynthesis, DNA repair and transcription regulation (Johnson et al., 2005, Lill et al., 2006, 
Rouault & Tong, 2008). In vitro studies showed that the purified iron-sulfur proteins can be 
readily modified by NO forming protein-bound dinitrosyl-iron complexes (DNICs), which have 
a unique electron paramagnetic resonance (EPR) signal at g=2.04 (Drapier, 1997, Kennedy et al., 
1997, Foster & Cowan, 1999, Ding & Demple, 2000, Rogers et al., 2003). In vivo studies further 
confirmed that iron-sulfur clusters including the aconitase [4Fe-4S] clusters (Gardner et al., 
1997), the endonuclease III [4Fe-4S] clusters(Rogers et al., 2003), the redox transcription factor 
SoxR [2Fe-2S] clusters (Ding & Demple, 2000), the ferredoxin [2Fe-2S] clusters (Rogers & 
Ding, 2001), the dihydroxyacid dehydratase [4Fe-4S] clusters (Hyduke et al., 2007), and a 
number of other dehydrate [4Fe-4S] clusters (Woodmansee & Imlay, 2003) are easily modified 
by NO.   
 
98 
     In Chapter 2, we showed that the transient NO exposure was shown to effectively inhibits cell 
growth of E. coli in minimal medium under anaerobic growth conditions. The NO-inhibited cell 
growth can be restored when the NO-exposed cells are either supplemented with the branched-
chain amino acids (BCAAs) anaerobically or returned to aerobic growth conditions. The 
measurements of enzyme activities show that dihydroxyacid dehydratase (IlvD), an iron-sulfur 
enzyme involved in the BCAAs biosynthesis pathway, is completely inactivated in E. coli cells 
by NO with the concomitant formation of the IlvD-bound dinitrosyl iron complex (DNIC). 
Fractionation of the cell extracts prepared from the NO-exposed cells reveals that a large number 
of different protein-bound DNICs are formed by NO exposure. Although the IlvD-bound DNICs 
and other protein-bound DNICs are stable in cells under anaerobic growth conditions, they are 
efficiently repaired under aerobic growth conditions even without new protein synthesis. 
Additional studies indicate that L-cysteine may play an important role in repairing the NO-
modified iron-sulfur proteins of NO-exposed E. coli under aerobic growth conditions. Therefore, 
we concluded that the cellular deficiency to repair the NO-modified iron-sulfur proteins may 
directly contribute to the NO-induced bacteriostasis of E. coli under anaerobic conditions. 
NO-Induced Genomic Instability and Iron-Sulfur Enzymes in DNA Repair  
     In addition to the protein metal, DNA is also the targets of NO cytotoxicity. Previous studies 
have showed that chronic NO exposure may lead to genomic instability associated with DNA 
double-strand breaks and fragmentation (Li et al., 2002, Gal & Wogan, 1996). Additionally, a 
number of iron-sulfur enzymes such as E. coli endonuclease III (Rogers et al., 2003), the family 
4 uracil-DNA glycosylase (Hinks et al., 2002), and the human helicase XPD (Liu et al., 2008, 
Fan et al., 2008, Wolski et al., 2008) involved in DNA repair pathways are the potential targets 
of NO. Thus, the NO modification on these DNA repair iron-sulfur enzymes could contribute to 
the NO-induce genomic instability.  
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     Based on the sequence analysis, the E. coli DinG protein encoded by the DNA damage-
inducible gene (dinG) is a member of the superfamily 2 DNA helicases, which has been shown 
to be involved in the nucleotide excision repair and recombinational DNA repair pathways 
(Voloshin & Camerini-Otero, 2007, Voloshin et al., 2003). In Chapter 3, we found that DinG is 
an iron-sulfur protein with a redox-active [4Fe-4S] cluster. The reduction of the [4Fe-4S] cluster, 
which has a midpoint redox potential (Em) of -390 ± 23 mV (pH 8.0), results in a reversible 
inactivation of the DinG helicase activity.  Unlike the [4Fe-4S] cluster in E. coli dihydroxyacid 
dehydratase, the DinG [4Fe-4S] cluster is stable and the enzyme remains fully active when 
exposed to 100-fold excess of hydrogen peroxide, suggesting that DinG could be functional 
under oxidative stress conditions. However, the DinG [4Fe-4S] cluster can be efficiently 
modified by NO in vitro and in vivo, forming the DinG-bound DNICs with the concomitant 
inactivation of helicase activity. Reassembly of the [4Fe-4S] cluster in the NO-modified DinG 
can restore the helicase activity, indicating that the iron-sulfur cluster in DinG is the primary 
target of NO cytotoxicity.  Therefore, the iron-sulfur cluster in DinG may act as a sensor of 
intracellular redox potential to modulate its helicase activity and modification of the iron-sulfur 
cluster in DinG and likely in other DNA repair enzymes by NO may contribute to the NO-
mediated genomic instability. 
     E. coli endonuclease III (Nth) is another DNA repair enzyme involved in the base excision 
repair (BER) pathway.  Similarly, the NO modification of the E. coli endonuclease III [4Fe-4S] 
cluster has been associated with the inactivation of the enzyme activity (Rogers et al., 2003), 
which may also contribute to the NO-induced genomic instability. The 3D structure of the E. coli 
endonuclease III showed that the [4Fe-4S] cluster is not directly involved in the binding of DNA 
molecules (Kuo et al., 1992b, Thayer et al., 1995). It appears that the [4Fe-4S] cluster positions 
specific amino acid residues in the catalytic center of the enzyme (Thayer et al., 1995). Thus, the 
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specific function of the [4Fe-4S] cluster in endonuclease III remains elusive. The [4Fe-4S] 
cluster is bound with four cysteine residues at the C terminal loop of endonuclease III (Kuo et 
al., 1992b, Thayer et al., 1995). It would be of interest to examine if the mutation on the 
conserved cysteine residues can affect the catalytic activity of this enzyme.  In the study 
presented in Chapter 4, the effect on the enzyme activities of endonuclease III by the site-
directed mutagenesis of four conserved cysteine residues has been discussed. Both the UV-
visible absorption spectra and the iron and sulfide content analysis showed that four mutants lose 
their iron-sulfur clusters in the absence of any one of the conserved cysteine residues. The 
titration experiments indicated that losing iron-sulfur cluster decreases the activity and at least 
10-fold of enzyme concentration is required to have a similar activity of wild-type endonuclease 
III.  The kinetics experiments indicated that the mutant activity is significantly slower than the 
wild-type enzyme activity.  All the results suggest that the [4Fe-4S] cluster in endonuclease III 
may be involved in regulating the catalytic activity of the enzyme.  
Future Directions 
     The future investigation will mainly focus on more iron-sulfur proteins involved in NO 
response network, the repair mechanism of the NO-modified iron-sulfur protein, and the specific 
role of iron-sulfur clusters in enzymes. 
Repair of the Protein-Bound DNICs under Aerobic and Anaerobic Conditions 
     As discussed above, one of the mechanisms for self-defense of E. coli to NO is to repair the 
NO-modified iron-sulfur proteins. The protein-bound dinitrosyl-iron complexes (DNICs) as the 
modified products have been shown to be repaired at different extents under aerobic and 
anaerobic growth conditions even without new proteins synthesis (Chapter 2). So it would be 
crucial to understand what essential cellular factors are contributing to the repair activity under 
aerobic and anaerobic conditions.  
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     Generally, the repair of the NO-modified iron-sulfur proteins requires two steps: the                 
decomposition of protein-bound DNICs and reassembly of new iron-sulfur clusters in proteins.  
     Previous studies have shown that L-cysteine has its unique activity in decomposing protein-
bound DNICs in vitro (Rogers & Ding, 2001) and is also the substrate of the cysteine desulfurase 
IscS (Zheng et al., 1998) to release sulfide for reassembly of iron-sulfur clusters in NO-modified 
proteins (Yang et al., 2002, Rogers et al., 2003). So it is likely that L-cysteine plays a 
fundamental role in repairing the protein-bound DNICs in E. coli cells. The issue is that 
aerobically growing E. coli cells can efficiently repair the protein-bound DNICs without new 
protein synthesis while anaerobically growing cells cannot repair. If the same concentration of L-
cysteine is present in both aerobic and anaerobic conditions, there must be some other small 
cellular molecules contributing to the different repair activity, such as oxygen, ATP or 
NADPH/NADH. The mechanism for decomposition of the protein-bound DNICs by L-cysteine 
is due to its biological thiol groups, which may replace the thiol groups in proteins to form the 
cysteine-bound DNICs. One possibility is that the cysteine-bound DNICs could be destabilized 
due to the presence of oxygen. Therefore, the investigation of the stability of cysteine-bound 
DNICs in conditions with or without oxygen may give some clues about whether the proteins-
bound DNICs can be decomposed by L-cysteine under aerobic or anaerobic conditions. 
Apparently, the decomposition of the protein-bound DNICs by L-cysteine associated with 
oxygen is fundamental to initiate the repair of the NO-modified iron-sulfur proteins. 
     Second, the reassembly of iron-sulfur cluster in vivo would require cellular factors. For 
examples, and NADPH/NADH is the reducing agent required for the assembly of iron-sulfur 
clusters. Thus, it would be interesting to explore possible functions of all these cellular molecules 
for the repair of NO-modified iron-sulfur proteins. 
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Role of the Iron-Sulfur Cluster of DinG in Its ATPase Activity 
     E. coli DinG has both DNA-dependent ATPase and ATP-dependent helicase activities. In 
Chapter 3, we found that the iron-sulfur cluster in DinG is essential for its helicase activity. More 
importantly, the iron-sulfur cluster in DinG may act as a sensor of intracellular redox potential to 
regulate its helicase activity and that the NO modification on the iron-sulfur cluster in DinG and 
other DNA repair enzymes may contribute to the NO-mediated genomic instability (Gal & 
Wogan, 1996, Li et al., 2002). Thus, it would be crucial to further explore if the iron-sulfur 
cluster of DinG is essential for its ATPase activity. 
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